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Abstract 
Urbanisation and associated anthropogenic activities lead to the release of a range of 
pollutants into the environment. These pollutants are accumulated on urban surfaces 
such as roads and are washed-off during rainfall events, contributing high pollutant 
loads to stormwater. A range of stormwater quality models which can replicate key 
pollutant processes is currently available to predict pollutant loads, facilitating the 
design of treatment measures to mitigate water pollution. However, in these models, 
the site specific variability is accounted solely based on land use, which can result in 
significant differences from actual pollutant loads at particular sites, resulting in 
inaccurate treatement system designs. Therefore, the fundamental basis of accounting 
site specific variability of pollutants has to be changed from land use to contributing 
pollutant source mix. The contributing source mix can define the site-specific 
anthropogenic activities that generate pollutants. The abatement of pollutants at their 
sources where possible, is one of the overarching principles of stormwater pollution 
control. In order to achieve this, reliable and quantitative information on pollutant 
sources is essential. In this context, the primary aim of this study was to relate 
pollutant processes to pollutant signatures, contributing sources and influential site 
specific characteristics by: (i) identifying the physical and chemical signatures of 
potential sources; (ii) identifying the key sources and quantifying their contributions 
to pollutant build-up and wash-off; and (iii) relating estimated source contributions to 
site specific characteristics.  
 
For this study, pollutant build-up and wash-off samples were collected from selected 
road sites in Gold Coast, Australia. Collected samples and potential source samples 
(roadside soil, tyre, brake dust and asphalt) were investigated for their physical and 
chemical signatures. Using multivariate data analysis techniques, the sources of 
pollutant build-up and wash-off were identified. Principal component 
analysis/absolute principle component scores receptor model was used for the 
estimation of source contributions to the pollutant mixtures.  
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It was found that soil and asphalt wear, tyre wear, brake wear and sea salt are the key 
sources of metals build-up on road surfaces. Among the four sources, soil and asphalt 
wear was the critical source, as it contributes 61% of the total metals (on average) to 
build-up. For majority of individual metal species, contribution from soil and asphalt 
wear is over 50%. On average 17%, 7% and 15% of the total metals originate from 
tyre wear, brake wear and sea salt, respectively. 
 
This study identified non-combusted lubrication oil, non-combusted diesel fuel and 
tyre/asphalt wear as the sources of hydrocarbons. Non-combusted diesel fuel was 
identified as the major source, as it contributed 62% of total hydrocarbons. The 
second major source of hydrocarbons was non-combusted lubrication oil (26%) 
followed by tyre/asphalt wear (12%). It should be noted that Tetratriacontane (C34) 
was also associated with the non-combusted diesel fuel.  
 
It was also found that the same source attributes of metals and hydrocarbon build-up 
were responsible for metals and hydrocarbon wash-off from road surfaces with varying 
contributions. However, uncertainties were detected in source identification of pollutant 
wash-off, due to non-detected elements/compounds in laboratory testing.  
 
In addition, it was observed that there was a considerable variation from average 
estimated source contributions in both metals and hydrocarbon build-up across the 
sampling sites. Mathematical models were developed to replicate the underlying site 
specific variations of the estimated source contributions. The most influential factors 
that alter the source contributions by influencing the generation, accumulation and 
redistribution of pollutants on road surfaces were identified as daily traffic volume, 
effective impervious fraction, effective population, road surface texture depth, slope 
of the road and distance from the coastline to the point of interest. One of the major 
advantages of the developed mathematical models is their ability for estimating 
pollutant source contributions without detailed sampling programs, which are time 
consuming and expensive. In addition, the model estimates can provide information 
regarding the most critical sources of pollutants that need a focused effort to control, 
in order to minimise pollution.  
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The application of the quantitative outcomes of this study is limited to urban regions 
with characteristics similar to the study sites. However, the overall methodology 
adopted in relation to field investigations, data analysis and interpretations is novel 
and applicable to most regions around the world. Key outcomes and methodology 
adopted are therefore, can be utilised in urban planning and as a decision-making 
tool in pre urban development and design stages.  
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 Chapter 1: Introduction 1 
 Introduction Chapter 1:
1.1 BACKGROUND  
Urban stormwater pollution and its consequent degradation of receiving water bodies 
is a critical issue. Due to the increase of anthropogenic activities in urban areas, an 
array of pollutants are generated and accumulated on urban surfaces such as roads, 
parking areas and roofs. These pollutants are washed-off during rainfall events 
contributing high pollutant loads to stormwater.  
 
In order to mitigate receiving water quality degradation, a range of measures are 
implemented in urban areas. Efficiency and performance of these mitigation 
measures are directly related to the state of knowledge that is used to design them. In 
this context, in-depth knowledge for accurate estimation of stormwater quality is 
important for the design of efficient mitigation measures. 
  
Stormwater quality, in terms of pollutant characteristics such as composition, 
concentration and load can significantly vary from location to location. Variability 
specific to the locations can influence pollutant characteristics. Accounting for 
location specific variability associated with pollutant characteristics is currently a 
challenging issue in implementing efficient stormwater quality mitigation measures. 
 
1.2 RESEARCH PROBLEM 
Current literature addresses the variability associated with stormwater pollutant 
characteristics on the basis of different land uses such as residential, commercial and 
industrial. However, stormwater quality characteristics can vary significantly within 
the same land use. As a result, water quality predictions derived from modelling can 
be misleading and affect the efficiency of mitigation measures. Liu et al. (2011) 
confirmed that the variability of pollutant accumulation on road surfaces can be 
greater within the same land use than its variability for different land uses. Therefore, 
in order to investigate variability of pollutant characteristics, the fundamental basis 
for water quality predictions needs to be assessed.   
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Pollutants are released to the urban environment due to anthropogenic activities. The 
differences in contributing sources can cause variability in stormwater pollutant 
characteristics. Current research literature has not explicitly addressed pollutant 
variability in relation to contributing sources. This highlights the need for greater 
emphasis on accounting variability associated with stormwater pollutant 
characteristics based on contributing source mix rather than on land use. 
 
In such an approach, common urban pollutant processes need to be re-defined based 
on contributing sources and pollutant composition. Identifying contributing sources, 
their specific characteristics and pollutant composition will help to re-define 
pollutant process models. Consequently outcomes from this study will benefit in 
minimising stormwater pollution by abating pollutants at their sources and for 
implementing effective stormwater quality mitigation measures. 
 
1.3 RESEARCH HYPOTHESES 
 The characteristics of pollutant processes are influenced by pollutant 
composition. 
 Pollutant composition is influenced by the contributing source mix rather 
than the land use. 
 
1.4 AIM AND OBJECTIVES 
The aim of this study was to relate pollutant processes to pollutant signatures, 
contributing sources and influential site specific characteristics. 
 
The objectives of this study were: 
 To identify the physical and chemical signatures specific to potential 
contributing sources. 
 To identify key sources and quantify their contributions in pollutants build-up 
on road surfaces and wash-off using physical and chemical signatures. 
 To relate source contributions to influential site specific characteristics. 
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1.5 INNOVATION AND CONTRIBUTION TO KNOWLEDGE 
Definition of pollutant process characteristics based on pollutant signatures and 
contributing source mix forms the primary innovation in this research study. 
Particularly, the comparison of specific signatures related to pollutant processes with 
the contributing sources of road surface pollutants will help to define pollutant 
processes more accurately with the use of comprehensive data analysis techniques. 
Also, as a pioneering study on source identification and quantification of pollutants, 
the study outcomes has created new knowledge to enhance strategic urban planning 
practices and pollution control measures which are compatible with local and 
regional conditions.  
 
Stormwater models fundamentally consist of a set of mathematical models which are 
used to replicate pollutant processes along with hydrologic processes. Through this 
study, prediction accuracies of models can be enhanced as the study outcomes 
replicate pollutant build-up process in a more generic form by incorporating source 
contributions and most influential site specific factors. The influential site specific 
factors are the factors that cause changes in contributions of sources to pollutant 
mixture by generating, accumulating and redistributing on road surfaces. The 
identification of these key site specific characteristics itself has provided directions 
for source control strategies. Further, the estimations from the mathematical models 
creates the ability for assessing and ranking critical pollutant sources based on their 
contributions to the pollutant mixture. Consequently, further upgrades of the 
pollutant control strategies can be suggested as required for the location. Moreover, 
mathematical models can be enhanced due to the transferability of study outcomes 
by eliminating the limitations inherent in the conventional definition of pollutant 
process characteristics based on land use. 
 
1.6 RESEARCH SCOPE 
The scope of the study was as follows. 
 The pollutant build-up and wash-off process characteristics were investigated 
in this study as these are the main pollutant processes incorporated into 
stormwater quality models.  
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 This study focused on road surface pollutants such as metals, hydrocarbons, 
solids and organic carbon. Metals and hydrocarbons are toxic pollutants even 
at low concentrations and they are affected by the solids and organic carbon 
characteristics in stormwater. Other pollutants such as nutrients were not 
investigated in this study due to their low toxicity at low concentrations in 
contrast to metals and hydrocarbons.   
  
 This study focused on physical and chemical parameters. Biological 
parameters were not considered. 
 
 Traffic related sources namely: tyre wear, brake wear, road surface wear and 
vehicle exhaust and roadside soil were considered as potential contributing 
sources to pollutant build-up and wash-off.  
 
 The field investigations were confined to the Gold Coast area, Southeast 
Queensland, Australia. However, the site selection was based on generic 
characteristics so that the knowledge created through this study can be 
applied to any urban region. 
 
 Field investigations were confined to road surfaces as these are the major 
contributor of pollutants to stormwater runoff and consequently to receiving 
water bodies.  
 
1.7 THESIS OUTLINE 
Chapter 1: Introduction 
The Chapter 1 describes the background information related to this research study 
followed by identifying the research problem, hypotheses and aims and objectives. 
Subsequently, innovation and the contribution to the knowledge that were derived 
from this study are discussed. 
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Chapter 2: Literature Review 
In order to identify research gaps, formulate research aims and objectives and design 
research methodology, a comprehensive literature review was conducted and 
presented in Chapter 2. An informative background is initially presented including 
review of impacts of urbanisation on water quality. The fundamental pollutant 
processes which influence stormwater quality are also presented. Finally, the 
available knowledge on urban stormwater pollutants, their sources and 
methodologies for source apportionment of pollutants are discussed.  
 
Chapter 3: Research Design 
Chapter 3 firstly describes the methodology adopted in this study in three phases. 
Detailed descriptions of study site selection criteria, selection of sample collection 
methods and their calibration procedures, selection of pollutant species and data 
analysis techniques are included.  
 
Chapter 4: Study sites and Laboratory Testing procedures  
This chapter includes the details of selected study sites for field investigations. 
Furthermore, sample handling and laboratory testing procedures for total solids, 
particle size distribution, organic matter, metals and hydrocarbons are also discussed 
together with quality control and quality assurance procedures adopted. 
 
Chapter 5: Physicochemical Signatures of Pollutant Build-up and Wash-off and 
Potential Sources  
Chapter 5 describes the physicochemical signatures of pollutant build-up and wash-
off using univariate data analysis techniques. The variations of signatures of build-up 
in terms of land use types, antecedent dry days and particle size are discussed while 
variations of pollutant wash-off signatures in terms of rainfall intensity and duration 
are also discussed. Furthermore, general trends in signatures of potentials sources 
(soil, tyre, brake dust and asphalt) are discussed in order to facilitate source 
identification of pollutant build-up and wash-off. 
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Chapter 6: Source Apportionment of Road Surface Pollutants  
Source identification of metal build-up, metal wash-off, hydrocarbon build-up and 
hydrocarbon wash-off are presented by utilising a range of analytical techniques. 
Secondly, the procedure and results of the quantification of contributions from 
identified sources to the pollutant mixture are discussed. Outcomes of the analysis 
are presented in conjunction with their practical applications in stormwater pollution 
mitigation. 
 
Chapter 7: Mathematical Models to Evaluate Road Surface Pollutant Source 
Contributions 
Chapter 7 is focused on developing a set of mathematical models by incorporating 
site specific variables to predict the source contributions to the pollutant build-up 
mixture at a given location. The procedure for deriving mathematical models and 
their implications are presented in this chapter.  
 
Chapter 8: Conclusions and Recommendations for Future Research 
Chapter 8 concludes key outcomes of this research study and the highlight the areas 
that require further research efforts. 
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 Literature Review Chapter 2:
2.1 BACKGROUND  
Urbanisation is a major environmental concern, primarily due to its adverse impacts 
on the water environment. Urbanisation leads to increased amounts of anthropogenic 
activities and a high fraction of impervious surfaces which eventually results in 
quantity and quality changes to stormwater runoff. Anthropogenic activities such as 
traffic and other land use related activities generate large quantities of pollutants, 
which are not common to natural areas. Transformation of natural surfaces into 
impervious surfaces such as roads, parking lots, walkways and roofs leads to 
reduction in infiltration rates and evapotranspiration, resulting in quantitative 
changes to stormwater runoff. 
  
The major quantitative impacts of urbanisation due to the presence of impervious 
surfaces are the increase in runoff volume, increase in peak discharge, reduction in 
time to peak and reduction in base flow (Bedient et al., 1985; Miller et al. (2014); 
Schneider, 1975). US EPA (2003)  noted that urbanized areas can create more than 
five times the runoff than that from typical forested land of the same size. However, 
the magnitude of the increase in runoff depends on catchment characteristics such as 
impervious fraction, type of drainage channels and amount of vegetation cover 
(Miller et al., 2014). This additional runoff can cause downstream flooding and also 
contribute to erosion of stream banks.  
 
Urban runoff is one of the major pollutant sources to receiving water bodies (Ellison 
and Brett, 2006; Hall and Ellis, 1985; Pitt and Bonzeman, 1982). For example, 
Howard (2010) noted that about 75% of toxic chemicals in Washington’s Puget 
Sound catchment area are carried by stormwater runoff. They noted that these 
pollutants originate from roads, driveways, rooftops, yards and other developed land 
within the catchment. Among these surface types, road surfaces are the most critical 
in producing polluted stormwater runoff (Sartor et al., 1974). 
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2.2 IMPACTS OF URBANISATION ON WATER QUALITY 
As a result of urbanisation, a wide variety of pollutants such as solids, metals, 
organic compounds and nutrients are released to the environment. Rainfall and 
resulting surface runoff transports the released pollutants to the receiving water 
bodies (Zug et al., 1999). Accumulation of these pollutants in receiving waters 
affects its physical, chemical and biological characteristics (Field et al., 1998; 
Gnecco et al., 2005). It includes changes in temperature, salinity, dissolved oxygen 
level and sediment build-up. This in turn leads to adverse impacts on aquatic habitats 
and human health (Field et al., 1998). 
 
The degree of severity of impacts mainly depends on the pollutant type, load and 
their concentrations (HCFCD, 2001). Goonetilleke et al. (2005) noted that these 
factors are primarily related to anthropogenic activities such as traffic and land use 
related activities.  
 
2.3 POLLUTANT PROCESSES 
Better understanding of pollution accumulation processes in receiving waters is 
necessary to control water pollution due to urbanisation. Runoff from impervious 
surfaces is highly variable in terms of pollutant concentrations and loads. This is due 
to the variations in pollutant generation and accumulation processes on impervious 
surfaces and their loosening and removal processes. A range of climatic factors such 
as antecedent dry days and rainfall characteristics also influence pollutant loads and 
concentrations (Egodawatta, 2007; Rahman et al., 2002). 
 
2.3.1 Pollutant build-up 
Pollutant built-up is the process which describes the accumulation of pollutants on 
impervious surfaces. It is a dynamic process where deposition and removal due to 
natural and anthropogenic activities influence the net accumulation at a given time. 
Pollutant build-up on road surfaces is due to atmospheric deposition and direct 
deposition through anthropogenic activities such as vehicular traffic under dry 
weather conditions. A number of studies have been conducted to understand the 
factors influencing build-up load and variability associated with build-up 
composition (Miguntanna et al., 2010; Shaheen, 1975). Similarly a number of 
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approaches are available to predict the build-up load on road surfaces (Ball et al., 
1998; Bradford, 1977; Egodawatta et al., 2007; EWGCC, 2000). The primary factors 
which influence the build-up on road surfaces are, 
 Vehicular traffic; 
 Land use characteristics; 
 Road maintenance practices (street sweeping); 
 Climatic characteristics (antecedent dry days, wind turbulence)  
(Ball, et al., 1998; Bradford, 1977; EWGCC, 2000; HEC, 2007). 
 
A number of studies have evaluated the influence of vehicular traffic on build-up 
(Al-Chalabi and Hawker, 1996; Mahbub et al., 2010; Rogge et al., 1993; Shaheen, 
1975). Mahbub, et al. (2010) found that heavy metals such as Ni, Cr, Pb, Cd, Cu, Sb 
are strongly correlated with vehicular traffic congestion. Al-Chalabi and Hawker 
(1996) found that significant difference in Pb concentrations in different roads in 
Brisbane, Australia. They attributed this difference to variations in traffic volumes 
and mix. As they noted small petrol driven vehicles release high amount of Pb. 
Therefore, this reflects the significance of vehicular traffic characteristics on road 
surface build-up. However, it should be noted that Pb was phased out in Australia 
more than a decade ago. A recent study conducted by Egodawatta et al. (2013) noted 
that still significant amount of Pb can be found in urban road build-up. They noted 
that a portion of Pb accumulated on road build-up is due to the  past usage of leaded 
fuel and its accumulation on geogenic sources (soil). In addition to that, traffic 
related sources such as tyre wear and brake wear can contribute to Pb accumulation 
on road surfaces (Egodawatta, et al., 2013) indicating the influence of traffic on road 
build-up. 
 
Land use also influence pollutant build-up. For example, Miguntanna, et al. (2010) 
investigated build-up solids load in different land uses such as residential, 
commercial and industrial and found that land use is a highly influential factor in 
build-up. Egodawatta and Goonetilleke (2007) investigated build-up for different 
urban forms within one land use (residential) which is representative of varying 
population density. They noted that relatively high pollutant build-up loads and rates 
can be associated with areas with high population density. Therefore, it can be 
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concluded that build-up variation is not only due to land use variation but also due to 
variation within the same land use. 
 
In addition, Sartor and Boyd (1972) found relationships between street sweeping 
practices and pollutant build-up. They noted that there was 0.34 ton/km of pollutant 
load on road surfaces in residential areas in the USA which was higher than that for 
commercial areas with a pollutant loading rate of 0.08 ton/km. It was reported that 
the higher pollutant loading rate in residential areas was due to less frequent street 
sweeping compared to commercial areas. Further, street sweepers removed 15% of 
the materials finer than 45 µm and 48% of the materials finer than 246 µm. However, 
Vaze and Chiew (2002) have questioned the efficiency of sweeping practices noting 
that they release attached materials on road surfaces and if the suction is not 
powerful enough to extract the released materials, these can be readily available for 
wash-off.  
 
Climatic characteristics influence the pollutant build-up load and composition on 
road surfaces. For example, Zhang et al. (2004) found that the concentration of total 
suspended solids in atmospheric aerosols in spring is approximately three times 
greater than in summer and autumn in North China. It is evident that, pollutant build-
up through atmospheric deposition may vary seasonally causing variations in build-
up. However, these effects are different from one region to another or country to 
another. Strehlow and Baritrop (1987) noted that Pb concentration in road build-up in 
London was 353-5430 µgg
-1 
while Fergusson and Ryan (1984) found that in Jamaica 
it was 817-909 µgg
-1
. These concentration variations may be due to factors such as 
difference in traffic flows, location and climatic conditions. 
 
The effect of wind may alter the build-up. Wind can transport accumulated pollutants 
long distances and/or redistribute them in the immediate vicinity of the road surfaces. 
In addition, past studies have shown that there is no uniform distribution of 
pollutants over the entire road surface since wind and traffic generated turbulence 
can shift particles towards barriers such as the median strip and kerb (Deletic and 
Orr, 2005; Novotny et al., 1985). Deletic and Orr (2005) noted that 66% of build-up 
accumulates within a 0.5m strip next to the kerb.  
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A range of mathematical replications for pollutant build-up can be found in research 
literature (Ball, et al., 1998; Egodawatta, 2007; Vaze and Chiew, 2002; Wang et al., 
2011) while two concepts are more prominent. The replication adopted in most water 
quality models conceptualise that the surface pollutant load builds up from zero over 
the antecedent dry days. The second replication conceptualise that storm events only 
remove a small amount of pollutants and consequent build-up occurs relatively fast. 
Vaze and Chiew (2002) introduced these  two concepts as ‘source limiting’ and 
‘transport limiting’,  respectively (Figure 2.1). Wang, et al. (2011) evaluated the use 
of source and transport limiting concepts in modelling and noted that there is no 
consensus on what concept is most appropriate. Source limiting concept is 
appropriate where pollutants are easily washed off by runoff and thereby little or no 
build-up remains after rainfall. The transport limiting concept performs well in areas 
where rainfall events have great temporal variation and a considerable amount of 
build-up remains after the rainfall event. 
 
Vaze and Chiew (2002) stated that build-up over dry days occurs relatively quickly 
after rainfall, but slows down after several days as redistribution occurs. Egodawatta 
(2007) confirmed that the pollutant accumulation rate is significantly reduced after 
seven antecedent dry days. The surface pollutant load, through disintegration, also 
becomes finer over the dry days.  
 
Sartor et al. (1974) stated that pollutant accumulation is a function of antecedent dry 
days and can be mathematically replicated using an exponential function. 
Egodawatta (2007) and Ball et al. (1998) found that the power function is the best 
replication of build-up compared to linear, exponential, hyperbolic and reciprocal 
functions. As Sartor et al. (1974) conducted research in the USA and Egodawatta 
(2007) and Ball et al. (1998) conducted studies on Australian urban road surfaces, the 
influence of climate and location may affect build-up replication. However, both of 
these approaches state that build-up can be mathematically replicated by a decreasing 
rate increasing function of antecedent dry days. 
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Figure 2-1 Representation of build-up and wash-off of road surface pollutant loads  
 (a) source limited and (b) transport limited case 
 (Adapted from Vaze and Chiew (2002)) 
 
Although Sartor et al. (1974) replicated the build-up load with respect to different 
land uses such as industrial, commercial and residential (Figure 2-2), it is clear that 
pollutant build-up is significantly influenced by the land use as well as the site 
specific characteristics within each land use (Liu et al., 2011). Therefore, validity of 
available models for a given surface is questionable and it reflects the necessity of an 
alternative approach to replicate build-up instead of deriving models for different 
land uses.  
 
 
 
 
 
 
 
 
 
 
Figure 2-2 Pollutant build-up rates for different land uses 
(a) Industrial (b) Residential (c) Commercial (d) All land use 
(Adapted from Sartor, et al. (1974)) 
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2.3.2 Pollutant wash-off 
Pollutant wash-off is the process of loosening and removal of available pollutant load 
from the road surface during rainfall. During a rainfall event, water soluble pollutants 
on the surface get dissolved and by the impact of raindrops disintegration of 
pollutants can occur. Continuation of rainfall leads to the generation of runoff which 
carries the dissolved and disintegrated pollutants. 
 
Disintegration or solution of pollutants is dependent on the intensity and duration of 
the storm event. During light rain events, mainly the freely available pollutant load 
becomes disintegrated, whereas intense events can also disintegrate the attached 
fixed load. Depending on the transport capacity of the runoff, part of the load is 
removed from the surfaces as wash-off. The remainder becomes a part of the fixed 
load as it attaches itself to the surface after drying (Vaze and Chiew, 2002). 
 
Generally, pollutant wash-off during a rainfall event is influenced by the available 
build-up load on road surfaces (Vaze and Chiew,2002). As build-up is a function of 
antecedent dry days it can be assumed that wash-off is also correlated with 
antecedent dry days. However, a number of research studies have found that 
correlation is strong between rainfall and runoff characteristics (rainfall intensity, 
rainfall volume, run-off rate and run-off volume) and wash-off rather than with 
antecedent dry days (Deletic and Maksimovic, 1998; Wang, et al., 2011).  The 
influence of rainfall characteristics on pollutants wash-off can vary from one 
pollutant to the other. For example, Wang et al. (2011) found that, wash-off loads of 
total suspended solids and zinc (Zn) has a weak exponential correlation with runoff 
volume while Kjeldahl nitrogen (KN) and copper (Cu) has moderate exponential 
correlation with the runoff volume. However, this exponential correlation is stronger 
than the correlation with antecedent dry days (Wang et al. 2011). 
 
Pollutant wash-off from an impervious surface is commonly replicated as an 
exponential equation as in Eq. 2.1 (Sartor et al. 1974). 
 
W = W0(1 − e
−kIt)                                                                                                                       Eq. 2.1 
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where, 
W0 - Initial weight of the material of a given particle size 
k - Wash-off coefficient 
I - Rainfall intensity 
t - Rainfall duration 
W - Weight of material of a given particle size removed after time t  
Egodawatta, et al., (2007) modified Eq. 2.1 to the form shown in Eq. 2.2. This is due 
to the weak performance of Eq. 2.1 in replicating the observed wash-off patterns in a 
study of urban road surfaces in Australia. They argued that the, rainfall events have 
varying capacity to remove available pollutants from that surface and they introduced 
a capacity factor (CF) to Eq. 2.1. CF value varies from 0 to 1 primarily depending on 
the rainfall intensity (Egodawatta, et al., 2007). 
 
W = CFW0(1 − e
−kIt)                                                                                                                   Eq. 2.2 
 
However, the wash-off coefficient is site specific. It can vary with pollutant type, 
rainfall intensity and road characteristics such as slope and road surface texture depth 
(Egodawatta, et al., 2007; Millar, 1999; Sartor and Boyd, 1972). 
 
2.4 URBAN STORMWATER POLLUTANTS 
2.4.1 Solids 
Urban stormwater run-off contains a high load of solids either in the form of 
suspended (solid particles that remain in suspension in water) or dissolved. The 
discharge of solids-containing stormwater into receiving water increases the turbidity 
and reduces light penetration. It obstructs the photosynthesis of the aquatic plants and 
in turn affects other aquatic characteristics by reducing food supplies. Clogging of 
fish gills has also been attributed to the presence of suspended solids. Additionally, 
deposition of suspended solids alters the properties of the bed of the receiving water 
bodies. 
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Suspended solids provide surface area to adsorb other pollutants such as metals, 
hydrocarbons and nutrients and transport them to water bodies (Bruijn and Clark, 
2003; Chiew et al., 1997; Gunawardana et al., 2012a). Mobility and concentration of 
the absorbed pollutants depends on the particle size of the solids (Herngren et al., 
2005). Finer solids fraction carry high load of other pollutants due to the presence of 
electrostatic charges and larger surface area to adsorb pollutants compared to the 
same mass of coarse fraction of solids. Herngren, et al. (2005) noted that 0.45-75µm 
size fine particles form the highest fraction of solids in runoff. Therefore, it is 
important to remove a finer fraction of solids from stormwater runoff as this 
confirms the removal of other pollutants (Goonetilleke and Thomas, 2003). 
 
2.4.2 Metals 
The presence of metals in receiving water bodies is a serious concern due to their 
toxicity, bioavailability and non-degradable characteristics. Metals can be transferred 
to the food chain and accumulate along the food chain causing harmful effects on 
human health such as kidney damage and cancers (Chiew, et al., 1997; Zevenhoven 
and Kilpinen, 2002). 
 
Fergusson and Kim (1991) summarised the concentration ranges of metal elements 
available in road deposits found by several researchers. Metal composition, their 
concentrations and load can significantly differ from location to location (Fergusson 
and Kim, 1991). Metal releasing sources and their contributions are responsible for 
the composition, concentration and load changes in addition to the climatic 
conditions specific to the locations. The majority of the past studies evaluated the 
commonly available toxic metals in road build-up and wash-off. For example, Cu, 
Zn, Cr, Ni, V Pb, Cd, Fe and Al are toxic metals even at low level of concentration. 
However, build-up and wash-off can consist of other major metal elements, such as 
Na, Ca, K and Mg which comes from various sources. The presence of these major 
elements can also alter the chemical characteristics of the water body, creating a 
favourable environment for other metals to dissolve in the water, and can 
consequently affect the health of the water body. For instance, the presence of metals 
such as Na, Mg and Ca in stormwater alters the salinity level (change in electrical 
conductivity) in water which in turn alters the pH of the water. Therefore, there is a 
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necessity for evaluating non-toxic metals which could influence the health of water 
bodies together with the toxic metal elements. 
 
Several studies have evaluated metal attachment to different particle sizes of solids. 
Deletic and Orr (2005) concluded that concentrations of metals are higher in finer 
solids fraction with particle size less than 63 μm.  The study conducted by Magnuson 
et al. (2001) noted that high metal concentration appear in particles less than 50 μm. 
From above the studies, it is proven that the concentration of metals in finer fraction 
of solids is higher than the coarse fraction. However, the results related to particle 
size are dependent on the study site locations.  Nevertheless, studies have found that 
metal loads by mass are comparatively high in the coarse solids fraction. In the study 
by Fergusson and Ryan (1984), 38-51% by mass of metals analysed occurred in 
coarse solids fraction (213-963 μm).  
 
Recent studies have been conducted to estimate the influence of antecedent dry days 
on metal build-up on road surfaces (Egodawatta, et al., 2013). Egodawatta, et al. 
(2013) noted that the rate of metal build-up at the beginning of the antecedent dry 
period is high and reaches a constant value after 14 dry days. Moreover, it has been 
proved that the metal build-up process can be replicated as a decreasing rate 
increasing function of antecedent dry days (Egodawatta, et al., 2013).  
 
2.4.3 Hydrocarbons 
In general, hydrocarbons refer to organic compounds formed by hydrogen and 
carbon. The broad family of hydrocarbons are commonly referred to as total 
petroleum hydrocarbons (TPHs). TPHs can be divided up as diesel range organics 
(DROs) and gasoline range organics (GROs) depending on their volatility. Non-
volatile and semi-volatile compounds are under DRO compounds while volatile 
compounds are under GRO compounds. Urban stormwater run-off has been found to 
transport significant amounts of hydrocarbons to surface water bodies (Sartor and 
Boyd, 1972). 
 
DRO compounds can be classified as aliphatic and aromatic compounds. Aliphatic 
compounds are also known as n-alkanes or saturated hydrocarbons and examples of 
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aromatic compounds are polycyclic aromatic hydrocarbons (PAHs). These 
compounds, specially PAHs are of major concern due to their mutagenic, 
carcinogenic and immunotoxic properties (Kucklick et al., 1997; US EPA, 1999). 
Studies have proven that PAHs can cause harmful effects on the skin, body fluids 
and immune system of living beings after both, short and long term exposure 
(ATSDR, 1996). US EPA (1999) classified seven PAHs compounds as probable 
human carcinogenic compounds, benzo[a]pyrene (BaP), benzo[a]anthracene (BaA), 
benzo[b]fluoranthene (BbF), benzo[k]fluoranthene (BkF), chrysene (CHR), 
dibenzo[a,h]anthracene (DBA) and indeno[1,2,3-c,d]pyrene (IND). In addition, nine 
other compounds are considered as PAHs which must be monitored in the 
environment are, naphthalene (NAP), anthracene (ANT), fluorene (FLU), 
fluoranthene (FLT), acenaphthylene(ACY), acenaphthene (ACE), phenanthrene 
(PHE), pyrene (PYR) and benzo[g,h,i]perylene (BgP) (Morillo et al. 2007). PAHs 
are less soluble in water and they are often associated with suspended solids in 
stormwater run-off (Ellis et al., 1997; Hoffman et al., 1985; Rogge, et al., 1993). 
Ellis, et al. (1997) noted that 70-75% of the total hydrocarbons present in stormwater 
are associated with suspended solids. 
 
Studies have been conducted to characterise aliphatic semi volatile and non-volatile 
compounds in urban stormwater and highway run-off. Particularly, these compounds 
are released to the environment via vehicular activities. It has been noted that more 
than 80% of the aliphatic compounds are in solid phase due to their hydrophobic 
characteristics (Lopes and Dionne, 1996). In the United States, 470,000 tons of 
petroleum hydrocarbons are released to waters and up to 50 % of this amount is 
discharged from urban stormwater, indicating the importance of managing 
stormwater pollutants (Lopes and Dionne, 1996). The presence of these compounds 
can be affected by number of external factors such as land use characteristics and 
rainfall characteristics. For example, higher concentrations of semi-volatile 
compounds (SVOC) have been observed in run-off in industrial areas compared to 
residential and commercial areas emphasising the influence of land use on SVOC 
concentrations. In addition to that, rainfall characteristics such as intensity and 
volume can influence SVOC loads (or concentrations) in stormwater. As rainfall 
intensity increases, the SVOC concentrations in stormwater increase due to the 
increase of stream velocity and sediment carrying capacity of the rainfall.  
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Volatile hydrocarbon compounds have less impact on stormwater and consequently 
on the receiving water bodies, due to their volatility under ambient conditions (Lopes 
and Dionne, 1996).  
 
2.4.4 Nutrients 
Major nutrients, nitrogen (N) and phosphorous (P) are essential for healthy plant and 
animal populations in aquatic systems (Chiew, et al., 1997). N and P in stormwater 
can be in dissolved or particulate forms. Primary dissolved forms of N are NH4
+
 and 
oxidized nitrogen (NO2
-
 and NO3
-
). Total nitrogen refers to the summation of NO2
-
 
and NO3
-
and total Kjeldhal nitrogen (TKN) which is the sum of organic and 
ammonium nitrogen. Phosphorus can be present in water either in organic or 
inorganic forms of Phosphate (PO4
3-
).   
 
Elevated concentrations of nutrients can degrade the quality of receiving water 
bodies. Excessive aquatic plant growth (eutrophication) has the greatest impact, 
which leads to a chain of processes such as reduction in light penetration and 
reduction in dissolved oxygen levels, creating an unsuitable environment for other 
aquatic fauna and flora (Chiew, et al., 1997).  
 
2.4.5 Organic matter 
Organic matter is a major pollutant on road surfaces originating through plant debris, 
animal waste and traffic activities (Strynchuk et al., 2000). The presence of organic 
matter in water bodies lead to depleted dissolved oxygen levels. Depleted oxygen 
levels can create unpleasant odours thereby reducing the recreational value of water 
bodies. Organic carbon can also enhance the attachment of metals and hydrocarbons 
to solids. Gromaire-Mertz et al. (1999) noted that the organic fraction of suspended 
solids in urban run-off is about 40%-70%. Concentration of organic carbon on road 
surfaces will depend on the frequency of street sweeping and characteristics of the 
urban area such as traffic characteristics, building and garden characteristics 
(Miguntanna, 2009). 
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2.5 SOURCES OF POLLUTANTS 
Pollutant sources such as traffic related sources, soil, land use related sources, 
wearing of building materials and vegetation inputs are primarily responsible for 
generating pollutants in build-up (Figure 2.3). Section 2.5.1-2.5.5 describes the 
characteristics of these sources in detail.  
 
 
Figure 2-3 Pollutant build-up and wash-off from road surface 
 
2.5.1 Traffic related sources 
There is a dramatic increase in the usage of vehicles worldwide. In Australia, 14.5% 
growth in registration of new vehicles was reported for the five year period from 
2006 to 2011 (ABS, 2011a). Due to this increase of vehicle use, pollutants generation 
and consequent pollutant load on road surfaces is expected to increase and thereby 
the negative effects on the environment and human health will increase. The 
responsible sources for pollutant generation linked to traffic related activities are: 
 Tyre wear 
 Brake wear 
 Asphalt wear 
 Vehicle exhaust  
(Bohemen and Laak, 2003; Thorpe and Harrison, 2008) 
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Load and composition of the pollutants generated by traffic related activities on road 
surfaces is influenced by numerous external conditions. Such conditions are vehicle 
characteristics and their state of repair, road characteristics and maintenance, vehicle 
speed, vehicle induced turbulence and laws and regulations implemented by the 
authorities (Thorpe and Harrison, 2008). 
 
Tyre wear 
Frictional contact between the road surface and tyre tread results in abrasion and 
emission of tyre wear particles. The amount of tyre wear loss per vehicle kilometre 
travelled (referred as tyre wear factor) and hence life time of the tyre varies with tyre 
type and usage patterns. For example, tyre characteristics (such as size, pressure, and 
contact patch area), road surface characteristics (such as pavement type, texture 
depth, and wetness), vehicle characteristics (such as vehicle weight and load 
distribution, engine power) and vehicle operation conditions (such as speed 
acceleration, frequency of braking) can influence the tyre’s life time (Thorpe and 
Harrison, 2008). Part of the emitted tyre wear particles can directly deposit in the 
vicinity of the road surface and can be accumulated into the atmosphere. 
 
Tyre wear generation is high in urban roads compared to motorways indicating the 
dominant influence of urban roads to environmental pollution. Stalnaker et al. (1996) 
simulated the effects of driving conditions on urban roads and motorways on tyre 
wear. They found that driving in urban roads accounted for 63% of the tyre wear, 
even though it represented only 5% of the distance driven. Luhana et al. (2004) 
weighed car tyres at two-month intervals, and asked drivers to note the details of 
each trip undertaken. They found a weak negative correlation between tyre wear and 
average trip speed. Approximately 50% more tyre wear was reported at an average 
speed of 40 km/h (dominated by driving in urban roads) than at an average speed of 
90 km/h (dominated by driving in motorways). 
 
The average weight of a new passenger car tyre is reported as 8 kg. From the average 
weight approximately 10-20% weight loss has been noted during its service life time 
(Boulter, Undated; Environment Agency, 1998). Hence, Environment Agency (1998) 
reported, tyre wear factor as 100 mg/vkm for a passenger car, assuming four wheels 
per vehicle. In the UK, the estimated bulk amount of tyre wear release to the 
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environment was 53 × 10
6
 kg (Environment Agency, 1998). Current values can 
largely differ from this value due to the increase in vehicle usage with time. 
However, this substantial amount of tyre wear indicates the requirement for proper 
management strategies to control the pollution generated. Part of the released tyre 
wear can be accumulated on road surfaces as build-up and contribute in 
accumulating potential toxic organic and inorganic materials. The values for tyre 
wear for Australia have not been reported. 
 
Generally, tyres are comprised of a variety of organic and inorganic compounds. 
Rogge, et al. (1993) analysed tyre wear particles and identified more than 100 
individual organic compounds. Among them n-alkanes and n-alkanoic acids are the 
predominant compound classes present in tyre wear particles. Further, tyre wear has 
specific compounds that are not common in other sources of pollutants. For example, 
organic compounds such as benzothiazole (Rogge, et al., 1993) and 2-(4-
morpholinyl) benzothiazole (Kumata et al., 1997) have been identified as specific 
chemical signature of tyre wear. 
 
In addition, tyre wear is a source of inorganic materials. About 13% of tyre wear is 
inorganic due to accelerators and other additives used in manufacturing (Thorpe and 
Harrison, 2008). Adachi and Tainosho (2004) found that tyre wear consists of metals 
such as Zn, Mn, Fe, Co, Ni, Cu, Cd and Pb. However, there can be other important 
sources that release these metals into the environment. Zn is commonly used as a 
signature element in source identification (Sturtz et al., 2014). 
 
Brake wear 
Brake wear is a critical source of pollutants generated from motor vehicles. Braking 
action results in the wear of brake lining material and brake disc/drum. It has been 
estimated that front disc brakes last for around 56,000 km under normal usage, whilst 
rear brakes can be expected to last around 112,000 km (Garg et al., 2000). During a 
brake's lifetime, around 80% of the friction material can have worn away. The brake 
wear factors can vary with the vehicle type. Garg, et al. (2000) found that brake wear 
rate as 11-18 mg/vkm for cars, and for a truck as 29 mg/vkm.  
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However, variable amounts of brake wear generation have been observed near busy 
junctions, signalised intersections, near pedestrian crossings and corners, primarily 
due to occurrence of braking during forced deceleration (Boulter, Undated). 
However, Amato et al. (2013) noted distance from the braking zones and total road 
build-up loading on road surfaces as independent factors. They did not find 
correlations between the factors such as distance from traffic lights or roundabouts 
with total road build-up loading. However, there is a possibility of correlations with 
individual signature elements (such as Cu, Ba and Sb) in brake wear and factors 
defining braking zones. 
 
The chemical signatures of brake wear depends on the raw brake lining material 
which consists of fibres, abrasives, lubricants, fillers and binders with metallic and 
organic compounds (Thorpe and Harrison, 2008). Most emission studies have 
evaluated the chemical signatures of brake wear emissions to study the quality of air 
(Boulter, Undated; Hulskotte et al., 2007). Researchers have identified Cu as a 
primary pollutant released to the atmosphere through brake wear. Hulskotte, et al. 
(2007) estimated that Cu emissions are about 2.4 tonnes per year in the Netherlands. 
This will result in a high load on urban road surfaces. Fe, Pb, Zn, Sb, Ba are other 
common elements in brake wear (Adachi and Tainosho, 2004). 
 
Asphalt wear 
With the increase in demand for road use by heavy traffic loads, generation of road 
surfaces wear will increase. For instance, a study carried out in Germany found that 
13 tonnes asphalt/km of surface wear for main roads and 17 tonnes asphalt /km for 
highways was generated per year indicating the importance of determining the fate of 
surface wear (Muschack, 1990). 
 
Asphalt is a complex mixture of mineral aggregate, sands, bituminous binder, fillers 
and adhesives. The properties of the asphalt can be altered by additives such as 
adhesives and fillers. Hence, the composition widely varies from one country to 
another and also within countries depending on expected performance. Therefore, 
unique compositions cannot be identified for asphalt. In general, high molecular 
hydrocarbon compounds such as aliphatic and aromatic hydrocarbons are available 
in bitumen (Thorpe and Harrison, 2008). Gadd and Kennedy (2000) found that the 
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mass composition of raw bitumen was dominated (86%) by high-molecular weight n-
alkanes (>C29), with C15-C28 n-alkanes contributing 13%, and C10-C14 n-alkanes 
contributing 1%.  
 
In addition, a range of minerals can be associated with road surface wear produced 
through aggregates. V, Ni, Fe, Mg and Ca have been detected in bitumen samples by 
(Lindgren (1996)) and Muschack (1990). 
 
Vehicle exhaust 
Motor vehicle exhaust has a significant impact on the environment at both local and 
global scales due to the transport of pollutants through the atmosphere. Vehicle 
tailpipe exhaust consists of non-combusted particles originating from fuels and oils. 
Vehicle type, operating conditions and road characteristics influence the amount of 
pollutants released to the environment as vehicle exhaust. McGaughey et al. (2004) 
found that different carbon emission rates for light duty vehicles (cars, four-wheel 
drive vehicles) and heavy duty vehicles. Road characteristics were also found to be 
influential factors. The carbon emissions from light duty vehicles were 42 and 65 g 
per kilometre for downhill and uphill traffic respectively. The reported carbon 
emission rates for heavy duty vehicles were 154 and 327 g per kilometre for 
downhill and uphill traffic, respectively.  
 
Vehicle exhaust includes volatile organic compounds, semi-volatile organic 
compounds, other hydrocarbons and inorganic compounds (Lim, 2007). Metal 
elements such as Pt, Rh and Pd from catalytic convertors, V from fuel and motor oil, 
Al from vehicle body parts, Ti and Sn from oil and bearing or piston coating, Cu and 
Zn from anti wear and anti-oxidant and Mg from detergent dispersants are released to 
the environment (Lim (2007) and references therein). Organic compounds such as 
phenanthrenes, benzo[a]pyrene, indeno[1,2,3-cd]pyrene and other PAHs contributes 
high loadings on the environment. Table 2.1 summarises the common metal elements 
related to traffic related activities. 
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Table 2-1 Summary of metal elements available in the traffic related sources 
 (Thorpe and Harrison (2008) and references therein and Lim (2007) and references therein) 
Tyre wear Brake wear Asphalt wear 
Vehicle 
Exhaust 
Be Al Ca Al 
Ca Ba Cr Be 
Cd Cd Cu Cd 
Co Co Fe Cu 
Cr Cr K Mg 
Cu Cu Mg  Mn 
Fe Fe Na Ni 
K Mn Ni Pd 
Mg Ni V Pt  
Mn Pb 
 
Rh 
Mo Sb   Si 
Na  Ti   Sn 
Ni Zn   Ti 
Pb    V 
Sn     Zn 
Zn       
 
2.5.2 Soil  
Soil erosion from pervious areas and construction sites can add a high amount of 
solids to stormwater runoff.  Eroded soil can also deposit on road surfaces in both, 
dry and wet weather. Pollutant contribution from soil erosion may differ according to 
soil type, availability of vegetative cover and rainfall intensity. Wolman (1967) noted 
that suspended solids load from exposed construction sites can be as high as 1000 
times more than the loads from forested areas. Gunawardana et al. (2011) found that 
70% of build-up comprise of soil. Mosert et al. (2012) analysed playground soil and 
found that, Fe, Mg, K, Ca and Na are the most abundant elements while others such 
as Mn, Zn, Ba, Sr, V, Cr, Cu, Ni, Ga, Pb, Li, As, Co, W, Mo, Cd and Tl are present 
in lesser quantities. 
 
2.5.3 Land use related sources 
Anthropogenic activities related to industrial, commercial and residential land uses 
generate pollutants to the urban environment. Particularly, industrial sites are an 
important source of a range of pollutants (Sartor and Boyd, 1972). Industries and 
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their related activities such as material storages, loading and unloading of materials 
and spills and leakages produce a range of pollutants. For example, chemical 
composition of road deposits in Beijing, China was found to be affected by emissions 
from steel industry and its related activities (Kuang et al., 2004). Metals such as Fe, 
Ti, Mn and V are released to the environment from the production of steel and 
additionally V is released from coal combustion which is used to supply energy for 
production (Kuang, et al., 2004). However, depending on the nature of the industry 
and available pollution control measures, the concentration and the nature of 
pollutant mixture may vary. 
 
Pitt et al. (2004) noted that commercial land use activities such as vehicle 
maintenance, material storage and maintenance can introduce pollutants to urban 
stormwater runoff. Parking lots in commercial areas provides a platform for 
accumulating the pollutants (Bannerman, 1993).  
    
In addition, other land use related sources of pollutants are usage of chemicals for the 
maintenance of gardens in residential areas. Chemical fertilisers and pesticides 
(herbicides, insecticides, fungicides) that are applied to lawns, gardens and 
landscaped areas are the primary garden chemicals in residential areas (Chiew, et al., 
1997; DECCEW, 2010). Fertilisers are a source of nitrogen and phosphorus. During 
garden maintenance activities in residential areas, pesticides are used to destroy, 
repel or mitigate pests and these chemicals include a range of hydrocarbon 
compounds (DECCEW, 2010). These chemical compounds can then accumulate in 
the soil matrix and leach into runoff during rainfall events. 
 
Furthermore, wood preservatives used in wooden fences, furniture, and structural 
timber are a source of pollutants. Wood preservatives can be in the forms of tar-oil 
based, inorganic water-based or oil-based preservatives, light organic solvent 
preservatives and fire-retardant chemicals and contain a variety of toxic compounds 
such as phenols, chromated copper arsenate (CCA) and copper/zinc naphthenate 
(TEC, Undated). Leaching and dust arising from sawing, sanding or burning of 
preserved wood contributes to stormwater pollutant loads. 
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2.5.4 Wearing of building materials 
Weathering and rainfall wear of building materials (such as corroded materials from 
roofs and wear of walls) can contribute to stormwater pollution. Uncoated roof 
materials can produce high loads and a variety of metal compounds. For example, 
Clark et al. (2008) concluded that uncoated galvanized metallic roofs produce high 
amount of Zn while treated wooden roofs produce high amount of Cu. Davis and 
Burns (1999) noted that, metals such as Pb in urban runoff are generated from roofs, 
brick walls and wooden buildings. Moreover, they identified that the exterior painted 
walls older than 10 years have the highest potential for Pb release compared to new 
buildings. This, points to the influence of building materials and age, on pollutant 
contributions. 
 
2.5.5 Vegetation inputs 
Fallen leaves from trees and lawn mowing are considered as the primary forms of 
vegetation input to road deposited pollutants. Shaheen (1975) noted that 20% of 
pollutants load on road surfaces is from vegetation input. However, the amount of 
vegetation on road surfaces depends on climatic conditions, landscaping practices 
and land use patterns (Goonetilleke and Thomas, 2003). Moreover, vegetation input 
is rich with nutrients such as nitrogen and phosphorous compounds.  
 
2.6 SOURCE CHARACTERISATION OF BUILD-UP AND WASH-OFF 
Identifying contributing sources and assessing the degree of contribution from each 
source to the total road build-up and wash-off is challenging when complex mixture 
of sources are involved and multiple pollutant species are considered. However, there 
are a number of research studies focusing on source characterisation of pollutants in 
road surface build-up, sediments, household dust and oil spills using different 
approaches (Liu et al., 2007; Ong et al., 2007; Stout and Graan, 2010; Takada et al., 
1990; Zhou et al., 2007). The strategies used in characterising sources of sediments, 
household dust and oil spills facilitate the identification of the sources of pollutant 
build-up and wash-off.  
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These approaches can be categorised as qualitative and quantitative approaches of 
source characterisation. The qualitative approach is primarily based on: 
1) Visual comparison of physical characteristics and chemical composition of the 
pollutant mixture (road surface build-up, sediments, household dust and oil 
spills) with the signatures of possible contributing sources. 
2) Identification of trends in individual pollutant concentrations.  
 
The quantitative approach depends on the measurement of concentrations of 
pollutants along with statistical techniques and thereby the contribution from each 
source to total pollutant mixture can be evaluated (Almeida et al., 2005; Contini et 
al., 2014; Fergusson and Kim, 1991; Mostert et al., 2010). 
 
A review of experimental issues associated with source characterisation is necessary 
prior to the detailed review of qualitative and quantitative approaches of source 
characterisation. 
 
2.6.1 Experimental issues 
In source characterisation, the degree of accuracy of conclusions relating to the 
origins of pollutants depends on the accuracy in the measurement of concentrations 
of pollutant elements. However, it is impacted by a number of issues. Among these, 
sampling and analytical techniques used are the most important aspects of obtaining 
reliable results. Different studies have employed different methods of analysing 
metals and hydrocarbons and thereby, restricted the comparison of outcomes of 
studies.  
 
As pollutants in road deposits are attached to solids (Deletic and Orr, 2005; Herngren 
et al., 2006), the first step is to extract pollutants in order to analyse them for 
individual element concentrations. Extracting techniques are also critical in finding 
out the concentration of pollutants and single and sequential extraction procedures 
have been used in recent studies (Harrison et al., 1981; Lau et al., 2010; Perez Cid et 
al., 2002; Tessier et al., 1979). Single extraction procedure is designed to separate 
pollutants from solids using a single reagent. Nitric acid, Acetic acid and EDTA 
(ethylenediaminetetraacetic acid) are examples of reagents used in metal extraction 
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and DCM (dichloromethane) and cyclohexane for hydrocarbon extraction.  However, 
finding an efficient single regent which can separate pollutants is problematic 
(Tessier, et al., 1979).  
 
Sequential extraction of metals provides detailed information about the origin, 
bioavailability and mobility of metals even if it is a time consuming process (Tessier, 
et al., 1979). Metals can be extracted into five fractions as exchangeable, carbonate 
bound, Fe and Mn oxides bound, organic matter bound and residual. Maiz et al. 
(2000) referred to these fractions as exchangeable, weakly absorbed, hydrous-oxide 
bound, organic bound and as a lattice material component. Ratuzny et al. (2009) 
noted that metals from anthropogenic activities have a tendency to exist in the first 
four fractions while the residual fraction consists of naturally occurring metals. 
Therefore, sequential extraction could provide relatively more information than 
single extractions.  
 
However, non-selectivity of reagents used, solid-reagent ratio, length of extraction 
and handling of samples prior to extraction have an effect on the outcome of the 
extraction of metals (Rapin et al., 1986; Tack and Verloo, 1995). In addition to those 
factors, Lau, et al. (2010) noted that the extraction efficiency of hydrocarbons in soil 
are influenced by the temperature used in extraction, soil moisture and other soil 
characteristics. Therefore, selection of efficient extraction techniques is difficult. 
Table 2.2 gives the commonly used extraction techniques for metals and 
hydrocarbons analysis. 
 
Even in the same extraction technique, different sample handling methods critically 
influence the results. For instance, Rapin, et al. (1986) noted that the difference in 
sample preservation method such as freeze drying and oven drying of samples can 
influence the metal concentration values.  
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Table 2-2 Extraction techniques for metal and hydrocarbon analysis 
Extraction 
method 
Metals Hydrocarbons 
Single 
extraction  
 EDTA method (Ure et al., 1993) 
 Acetic acid method (Ure, et al., 1993)  
Soxhlet extraction 
(3540C, US EPA, 2008) 
Sequential 
extraction 
 Tessier procedure (Tessier, et al., 1979) 
 BCR (Community Bureau of reference) 
procedure (Ryan et al., 2008) 
 Short extraction procedure (Maiz, et al., 
2000) 
 GCS (geological Society of Canada) 
procedure (Hall et al., 1996) 
 
 
Moreover, concentrations of chemical pollutants in road deposits are relatively low 
(Fergusson and Ryan, 1984) although they have a high impact on the environment. 
Therefore, fractionation of build-up samples according to particle size, density and/or 
magnetic properties (Hopke et al., 1980) is required in order to achieve specific 
identification of pollutants.  
 
In addition to the selection of the most suitable analytical procedure, it is essential to 
select possible contributing source samples, so as to compare the characteristics with 
the pollutant mixture (build-up or wash-off). Gunawardana et al. (2012b) used only 
the soil samples from the surrounding area as possible source samples in the analysis 
of build-up on roads. They analysed build-up samples collected from different urban 
road surfaces and used organic matter content and mineralogy as the primary 
analytical parameters. Their study noted that 70% of road deposited solids had 
originated from surrounding soil while the rest were from anthropogenic sources. 
However, the exact sources of the remaining 30% fraction were not discussed, partly 
due to lack of consideration of other contributing sources. This highlights the critical 
need for selecting a comprehensive set of possible source samples based on a 
thorough analysis of the surrounding environment and anthropogenic activities. 
Camatini et al. (2001), Davis et al. (2001), Kreider et al. (2010) and Adachi and 
Tainosho (2004) used vehicle generated particles like tyre wear, tyre tread and brake 
dust as possible source samples for their studies.  
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2.6.2 Qualitative approach to source characterisation 
Past research studies on source characterisation have surmised that each pollutant 
source produces pollutants with specific characteristics (Ong, et al., 2007). In the 
event such characteristics can be identified, then these can be used to distinguish 
sources of pollutants in a pollutant mixture.  
 
Source characterisation has been done in several studies by visually comparing the 
physical and chemical characteristics of the pollutant mixture with the signatures of 
possible contributing sources. Stout et al. (2005) used that qualitative approach to 
identify the sources of oil spills. They compared the chromatograms resulting from 
gas chromatography–mass spectrometry (GC/MS) and gas chromatography–flame 
ionisation detector (GC/FID) for possible sources of oils and oil spill. The submitted 
sample was considered as a probable source of oil spill if the chromatogram pattern 
of oil spill virtually overlays with that of the oil sample submitted for comparison, 
(Stout et al. 2005). Adachi and Tainosho (2004) evaluated possible sources of road 
surface build-up pollutants by analysing their physical and chemical characteristics 
such as morphology, particle diameter and metal composition. In their study, brake 
dust, road paint and tyre tread samples were considered as possible sources. 
However, contribution from each source to the road surface build-up was not 
identified using this approach.    
 
Use of metal concentrations in a sample to characterise the sources 
Several studies have investigated the trends in concentrations of individual metal 
elements in road build-up in order to characterise sources into broad categories such 
as industrial sources. 
 
Jensen and Laxen (1985) analysed urban road build-up samples for the presence of 
Pb in central London. A relatively low concentration level (approximately 1000 µgg
-
1
) has been observed in samples collected away from roads and other obvious 
immediate sources of Pb. By contrast, samples close to the newspaper printing 
industry had Pb levels greater than 10000µgg
-1
. The contribution of Pb from the 
newspaper printing industry located nearby was a significant source in road build-up. 
Therefore, reduction in concentration with the distance from the study site indicates 
that a particular source can be considered as a source of road deposit. Geographic 
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Information System (GIS) techniques are also helpful in demonstrating spatial 
variation in metals related to industries as used by Chang et al. (2009). Kim et al. 
(1998) noted that high concentrations of Zn appear in road dust due to the use of Zn 
and its compounds in the manufacturing of alloys, parchment papers, glass, batteries 
and electrical apparatus. However, in other land uses such as residential areas such a 
kind of trend in metal concentrations could not be noted to identify the sources of 
pollutants. 
 
In addition, enrichment factors (EFs) have been introduced to discriminate between 
oceanic, terrestrial and potentially other elemental sources in the atmosphere 
(Reimann and de Caritat, 2005). The usage of EFs has been extended to discriminate 
between natural and anthropogenic sources of elements. To calculate the EFs, firstly 
the concentration ratio of interest element to the reference element in the pollutant 
mixture (road build-up) must be calculated. Then it can be compared with the same 
elemental concentration ratio present in the natural sample (local soil) to check 
whether the pollutant mixture is affected by anthropogenic activities. It is an input 
from the reference soil if EF value is close to unity for any metal. The sample is 
considered as enriched with that metal, if EF value is greater than 1. Thereby, it can 
be concluded that the sample is polluted by the anthropogenic sources, but not by 
natural sources. The EFs can be represented by following generalized equation (Eq. 
2.3) given by Zoller et al. (1974), 
 
EF = 
(Y/X)sample
(Y/X)reference
                                                                                                                       Eq. 2.3 
 
where, Y is the metal element of interest and X is the reference metal.  
 
The reference metal X is selected based on three assumptions. These are: 1) the 
reference metal has a lower variability in concentration relative to the elements of 
interest; 2) reference metals have approximately comparable spatial distributions; 
and 3) elemental ratios are relatively homogeneous in different soils (Reimann and 
de Caritat, 2005).  
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Prior to computing EFs, it would be essential to test whether the assumptions are 
valid for the data set. Otherwise, high EFs do not exactly represent the anthropogenic 
influence on metals (Reimann and de Caritat, 2005). Zhou et al. (2007) evaluated the 
first assumption using coefficient of variance (CV*) (Eq. 2.4) (Reimann and de 
Caritat 2005).  
 
CV*=
median{|xi-median(xi)|}
median(xi)
                                                                                                 Eq. 2.4 
 
where xi is the individual concentrations of metals.  
 
To evaluate the second assumption they used scatter-plots to investigate the spatial 
variations among the different reference metals. The third assumption was not 
validated for their data set. 
 
As reference metals, Al, Li, Fe, Mn and Ce have been used in different studies 
(Atiemo et al., 2011; Covelli and Fontolan, 1997; Fergusson and Kim, 1991; Tanner 
et al., 2000; Zhou, et al., 2007). Once the EFs are determined for suitability for 
analysis with a suitable reference metal and sample, it can be used to distinguish 
anthropogenic and natural sources. It does not, however, identify the type of 
anthropogenic activity and does not quantify the anthropogenic inputs.   
 
Use of hydrocarbon concentrations in a sample to characterise the sources 
Takada, et al. (1990) identified 64 PAH compounds using capillary GC/MS and 
identified their contributing sources in road build-up in the Tokyo metropolitan area. 
They visually compared the chromatograms of possible pollutant sources of road 
build-up (vehicle exhaust, asphalt/concrete and combustion products from steam 
generators) with the chromatogram for the road build-up. This showed similar 
patterns of results between road vehicle exhaust and build-up having an abundance 
of alkyl-substituted PAHs and sulphur heterocyclic compounds. It can be concluded 
that vehicle exhaust is a major source of PAHs in road build-up. In addition, specific 
pollutant compound ratios common to sources (diagnostic ratios) such as total methyl 
phenanthrenes (MP) to phenanthrene (P) (Barrick and Prahl, 1987; Youngblood and 
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Blumer, 1975) and methyldibenzothiophenes (MDBTP) to MP ratio have been used 
to confirm the conclusions from the chromatograms.  
 
Takada, et al. (1990) further studied the road build-up in residential areas. Alkyl-
substituted PAHs and sulphur heterocyclic compounds were found to be depleted in 
road build-up in contrast to the industrial areas (Takada, et al., 1990). They 
concluded that combustion products from steam generators are responsible for the 
PAHs. Similarly, chromatograms of asphalt particles (the other possible source of 
road build-up they considered) and road build-up were compared. Observations 
showed that asphalt is not a major contributor to road build-up in Tokyo. This was 
proved by comparing diagnostic ratios of MP/P and MDBTP/MP of asphalt road 
particles and concrete road particles. These ratios should be higher in asphalt road 
particles than concrete road particles if asphalt is a major source. Therefore, MP/P 
and MDBTP/MP ratios can be used to distinguish mobile sources such as vehicle 
exhaust from asphalt road particles along with GC/MS results. However, they failed 
to quantify their source contributions.  
 
Tripathi et al. (2009) conducted a study on PAH pollution in the sediments of river 
Gomti, India. Concentration profiles of 16 priority PAHs were obtained by using 
HPLC and GC/MS. Particularly, the ratio of low molecular weight PAHs/high 
molecular weight PAHs (LMW/HMW) was used as a source indicator to 
differentiate petrogenic and pyrogenic sources. This is because petrogenic sources 
contain HMW PAHs which are formed under high temperature (emission of 
petroleum related material) and pyrogenic sources contain LMW PAHs which are 
formed from burning of fuels (wood and coal). In some sampling locations in this 
study, the LMW/HMW ratio is less than 1 which indicates the petrogenic origin of 
PAHs. Overall there was a mixed trend of pyrogenic and petrogenic sources. This 
conclusion was strengthened by the following diagnostic ratios and compared with 
past research findings (Table 2.3).  
 
 
 
 
 34 Chapter 2:Literature Review 
Table 2-3 Diagnostic ratios for pyrogenic and petrogenic sources 
(Adapted from Tripathi, et al. (2009)) 
Diagnostic  ratio Pyrogenic Petrogenic Reference Tripathi, et al. (2009) 
FLU/PYR >1 <1 Baumard et al. (1998) 0.2-5.28 
PHE/ANT <10 >15 Baumard, et al. (1998) 0.06-104.44 
NAP/ PHE >1 <<1 Dahle et al. (2003) 0.04-17.03 
ANT/(ANT+PHE) >0.1 <0.1 Yunker et al. (2002) 0.01-0.95 
FLU/(FLU+ PYR) >0.5 <0.5 Yunker, et al. (2002) 0.16-0.84 
 
LMW/HMW, FLU/ PYR, BaA/CHR and BbF/BkF ratios were used by Zhang et al. 
(2008) to identify PAH sources in urban runoff. Road dust and canopy throughfall 
were considered as possible contributing sources of PAHs to the runoff. Each 16 
priority PAHs were determined using GC/MS and the above ratios were calculated to 
discriminate pollutant origins. Whether the dominant source was petrogenic or 
pyrogenic was decided using LMW/HMW ratio as in Tripathi, et al. (2009). Further 
classification based on diagnostic ratios used by Zhang, et al. (2008) is given in 
Table 2.4. 
 
Diagnostic ratios which have been selected to distinguish sources of pollutant 
mixture have comparable thermodynamic partitioning and kinetic transfer properties 
(Dickhut et al., 2000). Yunker, et al. (2002) noted that PAHs having molecular 
weight between 276 and 202 have the greatest stability and these are good indicators 
of petroleum and combustion sources, while those 278 and 228 provide slight 
assurance of identification. Further, the ratio calculations are restricted to given 
molecular mass to minimize the confusing factors such as volatility, water solubility 
and adsorption (Readman et al. 1987). 
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Table 2-4 Diagnostic ratios to identify PAH sources 
Diagnostic ratio Condition Source Reference 
LMW/HMW  
<1 
>1 
Petrogenic 
Pyrogenic 
Mai et al. (2003), Soclo 
et al. (2000) 
PHE/ANT 
<10 
>10 
 
>15 
Pyrogenic 
Coal and wood 
combustion 
Petrogenic  
Yunker, et al. (2002) 
 
Takada, et al. (1990) 
ANT/(ANT+PHE) 
(Mass -178 gmol
-1
) 
<0.1 
>0.1 
Petroleum 
Combustion  
Budzinski et al. (1997) 
FLU/( FLU+PYR) 
(Mass -202 gmol
-1
) 
= 0.5 
 
0.4<r<0.5 
 
 
>0.5 
Petroleum 
combustion 
transition point 
Vehicle and crude 
oil combustion 
Grass, wood or 
coal combustion 
Budzinski, et al. (1997) 
 
Yunker, et al. (2002) 
 
Yunker, et al. (2002) 
 
BaA/( BaA+CHR) 
(Mass 228 gmol
-1
) 
<0.2 
0.2<r<0.35 
 
>0.35 
Petroleum  
Petroleum or 
combustion  
combustion 
Yunker, et al. (2002) 
Sicre et al. (1987) 
 
IND/(IND+BgP) 
(Mass- 276 gmol
-1
) 
<0.2 
0.2<r<0.5 
 
>0.5 
Petroleum 
Vehicle and crude 
oil combustion 
Grass, wood or 
coal combustion 
Yunker, et al. (2002) 
Less frequently used 
ratios 
 
2.6.3 Quantitative approach to source characterisation 
It is possible to determine quantitatively the contribution from each element from 
each source and from that source to the total pollutant concentration with the use of a 
receptor model approach. The receptor model approach is a specified mathematical 
procedure for identifying and quantifying the sources of pollutants at a receptor 
primarily on the basis of concentration measurements at that receptor. Generally, a 
receptor model uses ambient concentrations as inputs and calculates the source 
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contributions. Receptor models and their application have been reviewed by Gordon 
(1988), Henry et al. (1984) and most recently Pant and Harrison (2012). A basic 
schematic diagram representing the concept of receptor modelling is given in Figure 
2.4. Common receptor models include chemical mass balance (CMB) model and 
multivariate models. 
 
 
 
 
 
Figure 2-4 A basic schematic diagram of receptor model 
 
The CMB model is most widely used with atmospheric samples (Friedlander, 1973; 
Henry, et al., 1984; Larsen and Baker, 2003). However, there are research studies 
which used the CMB model in road build-up (Fergusson et al., 1986; Fergusson and 
Ryan, 1984) and in house dust investigations (Adgate et al., 1998). Eq. 2.5 is the 
generalized formula used in the CMB model (Friedlander, 1973; Gordon, 1988). 
 
ci= ∑ mjxij
j
                                                                                                                                    Eq. 2.5 
 
where ci is the concentration of the i
th
 element in the pollutant sample; mj is the 
fractional mass contribution of the j
th
 source and xij is the concentration of the i
th
 
element in the j
th
 source.  
 
However, the CMB equation is primarily based on an assumption, i.e. there is no 
modification of the composition between source and receptor (road) (Gordon, 1988). 
In fact, it is far from reality. There have been different methods applied to perform 
the calculations for Eq. 2.7 such as trace element method, linear programming 
method, ordinary linear squares method, effective variance least squares method and 
ridge regression (Henry, et al., 1984; Watson, 1979). The fundamental assumptions 
Some known source 
characteristics 
Known ambient 
concentrations 
     Receptor model 
Source 
contributions 
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and uncertainties involved in these methods are discussed elsewhere (Henry, et al., 
1984; Watson, 1979). 
 
The work of Fergusson and Ryan (1984) on road build-up in London (U.K.), 
NewYork (U.S.A.), Halifax (Canada), Christchurch (N.Z.) and Kingston (Jamaica) 
provides an example of use of the CMB model. They assumed the possible sources 
and the elemental composition that contributes to the road build-up. Possible 
contributing sources consisted of five sources: soil, car emissions, cement, tyre wear 
and salt. The elements used and their  concentrations in the five sources were: A1 
(soil 1%, cement 2.4%), Pb (soil 0.0035%, car 40%, cement 0.0175%), Ca (soil 
1.5%, cement 46%, tyre wear 0.0002%, salt 1.1%), Zn (soil 0.009%, car 0.06%, 
cement 0.0294%, tyre wear 1.5%), Na (soil 0.5%, car 0.0216%, cement 0.2%, salt 
30.6%). These were based on published literature (Friedlander, 1973; Hopke, et al., 
1980; Kowalczyk et al., 1982). Accordingly, the CMB model was applied. The 
results showed that soil is the major source for all the cities (75-90% for Halifax, 
Christchurch and Kingston 60% and 57% for London and New York respectively) 
and the contribution from each source of pollutant was calculated.  
 
As in the example, the CMB model requires prior knowledge of the composition of 
all sources contributing to the pollutant mixture which are far from the real values 
relating to the sampling locations. However, it does not correlate with the number of 
sources in the mixture (Pant and Harrison, 2012). 
 
In addition to the CMB model, multivariate statistical models have been used to 
determine the pollutant sources and their contributions. Factor analysis has been 
applied to identify a relatively small number of factors that can be used to represent 
the sources of pollutants (Pujari and Deshpande, 2005). Three common models that 
are based on factor analysis are: Positive Matrix Factorisation (PMF) (Chiou et al., 
2009; Larsen and Baker, 2003), UNMIX (Larsen and Baker, 2003) and PCA with 
Multiple Linear Regression Analysis (PCA/MLR), which is also known as Principal 
Component Analysis/Absolute Principal Component Scores (PCA/APCS) (Ong, et 
al., 2007; Zhang, et al., 2008). These models do not require prior knowledge of 
source composition, but any information on source pollutants characteristics is 
helpful in distinguishing between similar sources (Pant and Harrison, 2012). These 
 38 Chapter 2:Literature Review 
models require large set of data. Normally, a given chemical constituent (metal 
element or hydrocarbon) will have several sources and the model is able to analyse 
correlations in a multidimensional space and can generate chemical signatures of 
“factors” with a unique temporal profile characteristic of a source. Past knowledge of 
source chemical signatures is used to assign factors to sources (Fang et al., 2004; 
Harrison et al., 1996). However, it can give an accurate result if the study itself can 
find the possible source signatures. This is because the use of chemical signatures 
from one study to another can be affected by experimental issues and location 
specific characteristics. 
 
PCA is the most commonly used method in multivariate analysis. The primary 
purpose of using PCA is to reduce the number of inter related variables in collected 
data to a low number of principal components (PCs) which are orthogonal to each 
other (Mas et al., 2010; Ong, et al., 2007). The orthogonal components mean that 
they are independent of each other. This in turn can be used to identify independent 
sources. 
 
Chang, et al. (2009) used PCA to identify sources of metals in road dust and soil. The 
metal concentration data for road build-up was analysed with PCA to identify the 
potential sources. PC 1 explained 39.3%, PC 2 explained 28.1% and PC 3 explained 
22.9% of the total variance. They have assigned sources to each of the orthogonal 
PCs, namely: vehicle emissions (Cu and Zn enriched), road intersection and the 
industrial park (Ni enriched) and the steel plant (Pb enriched) for each factor, PC 1, 
PC2 and PC 3 respectively. Though, elevated concentrations of Fe had been 
observed around the steel plant and the road intersection, Fe sources were not able to 
be identified due to low variations in this study area. Therefore, when PCA is 
employed with low variations in the concentrations of elements, accurate 
identification of sources is not possible. However, to overcome such deficiencies, 
Ong, et al. (2007) suggested the use of PCA coupled with MLR, which then becomes 
a powerful tool for source characterisation and contribution calculation. 
 
Zhang, et al. (2008) conducted a study on source characterisation of PAHs in urban 
road runoff system in Beijing, China. In addition to the road runoff samples, road 
dust, rain and canopy throughfall samples were taken as possible sources. The 
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authors performed PCA/MLR to quantify PAH sources in the road runoff in addition 
to the diagnostic ratios analysis (as it gives only qualitative information about 
sources). PCA determined the factor loadings and hence the sources and MLR 
determined the contribution of sources and concluded that road dust is the main PAH 
source in road runoff. However, PCA can give negative contributions for some 
events, which is physically no realistic. It means that PCA cannot model extreme 
data in an effective manner (Larsen and Baker, 2003; Zhang, et al., 2008). 
 
Positive matrix factorisation (PMF) has been recently used for source 
characterisation of organic pollutants in air samples by numerous researchers 
(Minguillón et al., 2014; Sturtz, et al., 2014). Deficiencies in PCA can be overcome 
via PMF because it produces positive contributions which are interpretable. 
Therefore, application of PMF in soil/solid samples could be useful in source 
characterisation. Wang et al. (2009) tested the applicability of PMF in soil data for 
identification of PAH sources. Sources and different source contributions during 
summer and winter proved the validity of PMF usage in the case of soil data. The 
three dominant sources, with percentage contribution in parenthesis during the winter 
season were: coal-fired engine (72%), traffic average (20%) and gasoline (8%) while 
the corresponding summer sources were: coal combustion (46%), diesel engine 
(30%) and gasoline (24%). However, this method requires comprehensive set of data 
to perform better than PCA. 
 
2.7 SUMMARY 
The literature review undertaken in this Chapter focused on understanding the 
impacts of urbanisation on water quality, key pollutant processes influencing 
stormwater quality, important pollutants and their potential sources and review of 
existing source identification and quantification studies. The review also highlighted 
key knowledge gaps in research literature.  
 
The review highlighted the importance of implementing stormwater pollution control 
strategies to safeguard the receiving water bodies. The key focus was on pollutant 
build-up and wash-off processes. A range of past research studies have developed 
mathematical replications for pollutant build-up and wash-off processes in order to 
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be used in designing treatment measures. However, these mathematical replications 
do not account for the site specific variability of pollutant processes. The estimations 
have been restricted only to account for the variability in terms of commercial, 
industrial and residential land use, while changes in traffic characteristics and 
surrounding soil characteristics were largely ignored. Therefore, accounting for site 
specific variability of pollutants on road surfaces is identified as a key knowledge 
gap. As road surface pollutants originate from a mixture of sources, the review 
identified the potential for defining site specific variability of road surface pollutants 
based on contributing sources.  
 
The key sources of pollutants identified in the review are traffic related sources, soil, 
land use related sources, wearing of building materials and vegetation inputs. Though 
the key sources have been identified, past studies quantifying the amount of 
pollutants contributing from each source are limited. This established the need for a 
comprehensive source characterisation study for road deposited pollutants. Solids, 
metals, hydrocarbons, nutrients and organic matter were identified as the key 
pollutants generated from the above mentioned sources. In terms of toxicity, 
bioavailability and non-degradable characteristics exerted on the water environment, 
metals and hydrocarbons are of particular concern. 
 
Source characterisation can be undertaken based on either a qualitative approach or a 
quantitative approach. Qualitative approaches of source characterisation have been 
used to identify the sources of pollutants in the pollutant mixture. It is primarily 
based on the comparison of the chemical signatures of possible contributing sources 
and pollutant mixture. Hence, the accuracy of source identification depends on the 
accuracy of chemical signatures of possible contributing sources that were used for 
comparison. Also, the review highlighted the critical need for analysing the 
signatures of contributing sources along with the source characterisation. 
 
Quantitative approaches of source characterisation are capable of quantifying the 
contributions from each source to the pollutant mixture. Hence, these approaches 
were identified as the most suitable for source characterisation. The common 
techniques identified in literature are principal component analysis/absolute principal 
component scores receptor model and positive matrix factorisation.  
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3.1 BACKGROUND 
Complexity in source characterisation needed the adoption of a robust research 
methodology for the generation and analysis of data in this study. The methodology 
adopted in this study was primarily based on comprehensive field investigations, 
laboratory experiments and extensive data analysis using multivariate analytical 
techniques. Figure 3-1 shows the schematic diagram of the methodology adopted to 
achieve the aims and objectives of the study. Figure 3-1 illustrates three primary 
phases: (1) critical review of research literature; (2) design of investigations and 
methods; and (3) data analysis. Details of each phase of the methodology are 
provided in Section 3.2. 
 
 
Figure 3-1 Schematic diagram of the research methodology for the study 
 
This chapter also outlines the justification for the selection and development of 
research tools and methods in order to generate the data matrix for the study, along 
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with data analytical techniques. The discussion encompasses the sampling equipment 
used including their calibration and performance testing, field sampling procedures, 
criteria used for site selection and collection methodologies of potential pollutant 
source samples. Importantly, univariate and multivariate the data analysis techniques 
that were used in this study: (1) to identify general trends in pollutant build-up and 
wash-off on road surfaces; (2) to characterise sources contributing to pollutant build-
up; and (3) to relate site specific characteristics with pollutant sources contributing to 
build-up and wash-off, are also discussed. 
 
3.2 METHODOLOGY 
3.2.1 Phase 1: Critical review of research literature 
A critical review of research literature was conducted initially to obtain the current 
state-of-knowledge of different aspects of stormwater management. This was 
primarily to identify knowledge gaps and research questions and to formulate the 
aims and objectives of the research. The literature review primarily focused on the 
following key areas and is presented in Chapter 2: 
 Impacts of urbanisation on stormwater quality; 
 Pollutant build-up and wash-off processes; 
 Primary stormwater pollutants, their sources and factors influencing source 
characteristics; 
 Source characterisation techniques of pollutant build-up and wash-off. 
 
3.2.2 Phase 2: Design of Investigation and Methods 
Build-up and wash-off are the common pollutant processes associated with road 
surface pollutants. In order to investigate the relationship between contributing 
sources and pollutant signatures of build-up and wash-off, a comprehensive data 
matrix and analysis techniques were required. Phase 2 in the research methodology 
discusses the approaches adopted to obtain the data matrix. Phase 2 gives the design 
of investigations and methods which consisted of three sub-components. These are; 
sample collection, study sites selection for sample collection and laboratory testing. 
Details of each of these sub-components are discussed below. 
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a. Collection of build-up pollutants 
Justification for collecting build-up pollutants from road surfaces 
Past research studies have identified road surfaces as the major contributor of 
pollutants to stormwater run-off (Bannerman, 1993; Deletic and Orr, 2005; 
Egodawatta and Goonetilleke, 2007). In this regard, road surfaces act as the key 
receptors of various forms of pollutants generated via either natural or a range of 
anthropogenic sources (Al-Chalabi and Hawker, 1996; Al-Khashman, 2004; 
Christoforidis and Stamatis, 2009). The accumulation of particles from a wide range 
of urban sources and the importance of stormwater pollution justified the selection of 
road surfaces as the focus of investigation.   
 
Criteria for study sites selection  
Pollutants deposited on road surfaces is a complex mixture (Kreider, et al., 2010).  In 
order to investigate the signatures and potential sources of this complex mixture of 
pollutants, a set of samples with appreciable variability in source contributions 
needed to be collected. 
 
It has been reported that varying anthropogenic activities in terms of traffic and land 
use creates the highest variation in source contributions to urban road surface 
pollutants. Traffic characteristics including daily traffic volume was considered as 
the most influential traffic related parameter in related to stormwater pollutants while 
typical urban land use such as industrial, commercial and residential forms the 
influential land use factors (Egodawatta and Goonetilleke, 2007; Lim et al., 2005; 
Shaheen, 1975). 
 
A substantial fraction of road surface pollutants consist of soil originating from 
adjacent land (Gunawardana, et al., 2012a). Therefore, physical and chemical 
signatures of roadside soil also play an influential role on the pollutant signatures in 
build-up. For example, the surface properties of solid particles determine the extent 
of pollutant adsorption. Additionally, chemical signatures of the roadside soil can 
vary between different locations which in turn influence signatures of the pollutant 
build-up. 
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Considering all of the possible sources and their influential parameters, the following 
set of criteria were used for site selection: 
 Road sites from regions with different soil characteristics. In this regard, 
distance from the coast line was selected as the primary factor.  
 Road sites in different land use types representing residential, commercial, 
industrial areas. 
 Road sites accounting for typical ranges of traffic volume. 
 Sites with minimal disturbance to road users and ease of access during 
sample collection. 
 
In addition, skewed pollutant characteristics can occur along a road surface due to 
the presence of features such as signalised intersections, roundabouts and 
bottlenecks. Therefore, in this study, the pollutant build-up samples were collected 
avoiding locations where those specific features are present. This was primarily to 
maintain the similar influence from traffic sources among all of the selected sites. 
Additionally, avoiding specific road features reduced the number of variables 
associated with pollutant build-up.  
 
Justification for multiple build-up sampling episodes  
Apart from the signatures relating to contributing sources, road surface pollutant 
build-up is also dependent on antecedent dry days (Egodawatta and Goonetilleke, 
2007; Sartor, et al., 1974). Pollutants are typically accumulated at varied rates 
depending on the length of antecedent dry conditions. As noted by previous 
researchers, a relatively high rate of build-up occurs for around the first seven dry 
days after a rainfall event (Ball, et al., 1998; Egodawatta and Goonetilleke, 2007). 
After this threshold, rate of build-up reduces and total build up asymptote to an 
almost constant load. It has also been reported that physical properties such as 
particle size distribution and the concentrations of associated pollutants are subjected 
to dynamic changes during antecedent dry conditions (Egodawatta et al. 2013). In 
order to account for the effect of antecedent dry days on build-up, two sampling 
episodes were undertaken representing two different antecedent dry conditions. One 
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of the selected antecedent dry periods was less than seven days (<7) and the other 
was greater than seven days (>7). 
 
b. Collection of pollutant wash-off from road surfaces 
Justification for collecting pollutant wash-off samples from road surfaces 
Stormwater quality is dependent on both, build-up and wash-off. However, it is 
commonly known that the wash-off from a road surface is not complete and a 
significant amount of pollutants will still remain on the road surface even after a 
rainfall event (Vaze and Chiew, 2002; Wang, et al., 2011). This confirms the 
possibility of having different pollutant signatures in wash-off compared to build up. 
Therefore, it was decided to collect road surface pollutant wash-off samples to 
investigate their pollutant signatures and potential sources. The pollutant wash-off 
sample collection was carried out at a limited number of road sites.  
 
Study sites selection for pollutant wash-off sample collection 
Wash-off is primarily influenced by rainfall and impervious surface characteristics 
(Egodawatta, et al., 2007; Wang, et al., 2011). However, it was also necessary to 
consider the following criteria in selecting study sites for wash-off sampling: 
 
 An appreciable range of pollutants needed to be available on road surfaces 
for wash-off. 
 Site characteristics such as slope, width and length needed to be favourable 
conditions to conduct wash-off sampling. 
 
Based on the above criteria, a limited number of sites among build-up sampling sites 
were selected to conduct wash-off sampling. The site selection was done by ranking 
pollutant build-up sampling sites from the most polluted road site to the least 
polluted road site. Wash-off sampling was conducted at the selected sites for a varied 
range of rainfall intensities and durations using simulated rainfall. A rainfall 
simulator was used to generate the rainfall with predetermined intensities. More 
details can be found in Section 3.3.2. 
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c. Potential pollutant source samples collection 
Pollutants in build-up and wash-off are a mixture from a range of sources. Therefore, 
an understanding of the chemical signatures of potential sources of pollutants is 
important for determining the actual sources of road surface pollutants in build-up 
and wash-off. Primary potential sources were selected based on an extensive review 
of literature, as presented in Chapter 2, to test for chemical signatures. 
 
The following are the two key criteria considered in selecting potential pollutant 
sources to be tested for their chemical signatures:  
 The sources releasing potentially toxic pollutants such as metals and 
hydrocarbons into the urban environment.  
 The sources contributing the major fraction of potentially toxic pollutants to 
road surface build-up and wash-off. 
 
In an urban environment, traffic related sources, namely; tyre wear, brake wear, 
asphalt wear, vehicle exhaust, land use related sources (commercial, industrial and 
residential activities), roadside soil, wearing of building materials and vegetation 
inputs are typically considered as potential sources. Among them, the potential 
sources that were considered critical for this study were tyre wear, brake wear, 
asphalt wear, vehicle exhaust and roadside soil, as these sources generate a high 
fraction of pollutant loads and potentially toxic pollutants. Due to a range of reasons 
including difficulty in obtaining representative samples (for sources such as wearing 
of building materials and vegetation) and minimal metal and hydrocarbon inputs to 
urban environments, other sources were not considered for sampling.   
 
d. Laboratory testing 
The build-up, wash-off and potential pollutant source samples were analysed to 
identify their physical and chemical signatures. As metals and hydrocarbons are 
potentially toxic pollutants even at low concentrations (Kelly et al., 2010) and as they 
can be influenced by the available solids and organic matter (Gunawardana et al., 
2011), samples were tested for solids, metals, hydrocarbons and organic matter. 
Build-up and wash-off samples were also tested for particle size distribution due to 
linkages between metal and hydrocarbon affinity to solids based on particle size 
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(Deletic and Orr, 2005; Sartor and Boyd, 1972). In addition, build-up samples were 
size fractionated to different particle size ranges namely; >425 µm, 300-425 µm, 
150-300 µm, 75-150 µm and <75 µm and each fraction was tested for metals, 
hydrocarbons and organic matter in order to investigate the influence of particle size 
on metal and hydrocarbon affinity. The laboratory test methods adopted in this study 
are given in Section 4.3. Road build-up, wash-off and potential source samples were 
tested for metals and hydrocarbon compounds as outlined in Table 3-1.  
 
Table 3-1 Metals and hydrocarbons compounds Selected for testing 
Metals Hydrocarbons 
Compound  
Compound 
ID 
Compound  
Compound 
ID 
Lithium  Li Octane (C8H18) C8 
Sodium  Na Decane (C10H22) C10 
Magnesium  Mg Dodecane (C12H26) C12 
Aluminium  Al Tetradecane (C14H30) C14 
Potassium K Hexadecane (C16H34) C16 
Calcium Ca Octadecane (C18H38) C18 
Titanium  Ti Eicosane (C20H42) C20 
Vanadium V Docosane (C22H46) C22 
Chromium  Cr Tetracosane (C24H50) C24 
Manganese  Mn Hexacosane (C26H54) C26 
Iron  Fe Octacosane (C28H58) C28 
Cobalt  Co Triacontane (C30H62) C30 
Nickel  Ni Dotriacontane (C32H66) C32 
Copper  Cu Tetratriacontane (C34H70) C34 
Zinc  Zn Hexatriacontane (C36H74) C36 
Molybdenum  Mo Octatriacontane (C38H78) C38 
Rhodium  Rh Tetracontane (C40H82) C40 
Palladium  Pd     
Cadmium  Cd     
Tin  Sn     
Antimony  Sb     
Barium  Ba     
Platinum  Pt     
Lead  Pb     
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These compounds are commonly found in the urban environment. Particularly, the 
selection of compounds was to determine tracer compounds associated with potential 
sources as an aid to source characterisation of build-up and wash-off. The 
identification (compound ID) used in Table 3-1 is used in discussions throughout the 
thesis. 
 
3.2.3 Phase 3: Data analysis 
For achieving the aims and objectives of this research, extensive data analysis was 
required. Firstly, the general trends of physical and chemical signatures of pollutant 
build-up, wash-off and potential pollutant sources were investigated. Secondly, the 
analysis was conducted to identify the sources of pollutants in road build-up and 
wash-off. The analysis was then extended to quantify the contributions from the 
identified sources to pollutant build-up and wash-off. Finally, analysis was 
conducted to relate pollutant source contributions to site specific characteristics. For 
the analysis, univariate and multivariate data analytical techniques were employed as 
appropriate. Data pre-processing techniques were also used in order to refine the data 
sets. For example, detection and removal of outliers and testing for normality of the 
data set were performed, such that the basic assumptions related to data analysis 
techniques were accomplished.  
 
3.3 RESEARCH TOOLS AND METHODS 
In this section, the selection of apparatus used in field sampling and their key 
performance characteristics are discussed. In addition, the data analysis tools used in 
this study are also discussed. 
 
3.3.1 Build-up sample collection 
A varied range of road build-up sample collection methods have been used in past 
studies. For example, Chang, et al. (2009) used plastic brooms and brushes and Vaze 
and Chiew (2002) used brushes and a vacuum system to collect build-up samples. It 
is reported that brushing and sweeping can create extra materials due to abrasion of 
the road surface. A wet and dry vacuum system has been used by researchers such as 
Mahbub (2011) and Gunawardana (2011) with minimal generation of additional 
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material. They have noted that wet and dry vacuuming has the capability to collect 
fine solid particles efficiently, compared to the other methods. Furthermore, Mahbub 
(2011) noted that a dry and wet vacuuming system demonstrated 90% efficiency in 
collecting and retaining particles. For this study, the collection system used by 
Mahbub (2011) was used. The system was verified for its collection and retention 
efficiency under controlled field conditions prior to use in the field sampling. Brief 
details on the dry and wet vacuum system and the testing procedure adopted are 
discussed below.  
 
a. Dry and wet vacuum system 
The dry and wet vacuum system consisted of a vacuum cleaner (Delonghi Aqualand 
model) equipped with a water filtration system and a High Efficiency Particulate Air 
(HEPA) filter, and a pressure controllable water sprayer (12 volts Swift 60 L 
Compact Sprayer). The presence of the water filtration enables the retention of 
particles in a water column with minimal changes to the physical and chemical 
composition. The HEPA filter ensures the retention of fine particles in the collection 
compartment. The maximum suction power of the vacuum cleaner was 1500W and it 
was powered by a generator in the field. 
 
The water sprayer was used to enhance the collection efficiency as fine particles that 
have adhered to the road surface can dislodge due to wetness of the road surface 
Water was applied at a predetermined pressure to avoid dislodgement of parent 
particles from the surface and to avoid blowing particles away while spraying. In this 
study, water was sprayed at 2 bar pressure for 3 min as recommended by Mahbub 
(2011). 
 
b. Sample collection and retention efficiency of the dry and wet vacuum 
system 
The collection and retention efficiency of the system was verified using the 
following procedure: 
 Four adjacent 1 m x 1 m plots were selected on an asphalt surface so that 
they are equivalent in conditions compared to test plots in the field. 
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 Each plot was first cleaned by vacuuming the surface. Vacuuming was 
repeated after spraying water to remove the available fine particles on the 
plot surface and allowing them to dry for two hours. 
 A known weight of sandy loam (100 g) was uniformly applied on the first 
plot (Plot 1). The sample was collected using the vacuum cleaner filled 
with 3 L of de-ionised water. The plot surface was vacuumed three times 
perpendicular to plot boundaries. Then, the collected sample in the vacuum 
cleaner was transferred into a container and the remaining particles in the 
vacuum cleaner and its hoses were also carefully transferred to the same 
container using an additional known quantity of de-ionised water.  
 Once the dry vacuuming was completed, de-ionised water was sprayed on 
plot 1 at 2 bar pressure for 3 min. Then, wet vacuuming was done and the 
collected sample was transferred to a different container. 
 The same procedure was repeated in plot 2 and 3 as replicates. 
 Plot 4 was kept as a blank plot during the sample collection period to 
account for the natural build-up. A natural build-up sample was also 
collected following the dry and wet vacuuming procedure described above.  
 Weights of solids in each sample (plot 1, 2, 3, and 4) were measured. 
Weight of solids in plot 4 was subtracted from weight of solids in plot 1, 2 
and 3 in order to determine the efficiency of the vacuum system. The test 
results are shown in Table 3-2. 
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Table 3-2 Sample collection efficiency of the dry and wet vacuum system 
Parameter Plot 1 Plot 2 Plot 3 Plot 4 
Wt. of sand (g)  100.00 100.00 100.00 0.00 
Wt. of dry vacuumed solids (g) 93.43 94.66 94.87 0.52 
Wt. of wet vacuumed solids (g) 4.57 4.55 4.54 0.13 
Collection efficiency in each plot 
(%) 
97.35 98.56 98.76  
Efficiency of the system (%) 98.22 ± (0.76%) 
 
As shown in Table 3-2 the total collection efficiency of the dry and wet vacuum 
system was 98%. Based on this, the sampling equipment was deemed appropriate for 
sample collection.   
 
c. Build-up sample collection at the field 
It was critical to establish a clear protocol for build-up sample collection in order to 
maintain consistency throughout the investigation. Based on the experience gained 
from the calibration exercise and reviewing the procedures adopted by past 
researchers (Gunawardana, 2011; Mahbub et al., 2011), the following protocol was 
developed.  
 A plot area of 3 m2 (2 m x 1.5 m) was selected in the middle of the traffic 
lane (where possible) of the selected road site and demarcated using a 
wooden frame. In some road sites, this was not possible due to difficulties 
in having a partial road closure for sample collection. 
 Vacuum cleaner and accessories were cleaned thoroughly by using de-
ionised water. The vacuum cleaner was then filled with 3L of de-ionised 
water and dry vacuuming was undertaken three times in perpendicular 
directions in the demarcated area (Figure 3-2(a)). 
 Then, water was sprayed over the plot using the water sprayer under 2 bar 
pressure for 3 min (Figure 3-2(b)). 
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 Wet vacuuming was performed in two perpendicular directions to ensure 
the collection fine particles dislodged by the water spray (Figure 3-2(c)). 
 The collected sample in the vacuum cleaner was carefully transferred to a 
25 L plastic container. The vacuum cleaner and its accessories were 
cleaned by washing using an additional known quantity of de-ionised 
water (normally 3-4 L) and transferred to the same container.  
 The same procedure was followed for collecting samples from the selected 
road sites and the collected samples were properly labelled including the, 
date of collection, name of the road site and volume of de-ionised water 
used. 
In addition to the road build-up samples collected, 1 L of de-ionised water was taken 
into a clean polyethylene bottle as a field blank for each road and labelled 
accordingly as a quality control/quality assurance measure. All the samples were 
transported to the laboratory and preserved as stipulated by Australia /New Zealand 
Standards (AS/NZS, 1998). 
 
Figure 3-2 Build-up sample collection procedure 
(a) Dry vacuuming (b) Water spraying (c) Wet vacuuming 
 
3.3.2 Wash-off sample collection 
Pollutant wash-off primarily varies with the rainfall characteristics (Egodawatta, et 
al., 2007). Investigating the variability of wash-off using naturally occurring rainfall 
events is difficult due to uncertainties associated with occurrence and rainfall 
parameters (Egodawatta, 2007). The use of simulated rainfall events can overcome 
the practical issues relating to these uncertainties and enable effective control of the 
range of the variables influencing wash-off.  
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a. Rainfall simulator  
For this study, the rainfall simulator designed by Herngren (2005) was used to 
generate rainfall events for predetermined rainfall intensities. Figure 3-3 shows the 
schematic diagram of the rainfall simulator. It consists of an A-frame structure made 
of 40 mm diameter aluminium tubing and stainless steel 32 mm diameter nozzle 
boom connected longitudinally at a height of 2.4 m. Three nozzles (Veejet 80100) 
spaced at 1m apart are embedded in the nozzle boom. Water input pressure is 
designed to be 41 kPa in order to maintain natural rainfall characteristics such as 
raindrop size distribution, impact velocity and kinetic energy through simulated 
rainfall. More details can be found in Herngren (2005). 
 
 
Figure 3-3 Rainfall simulator (Adopted from Herngren (2005)) 
 
As continuous spray through the nozzles produce high rainfall intensities, the 
simulator is designed to generate intermittent rainfall by oscillating the nozzle boom 
using a small motor. The different rainfall intensities can be produced by controlling 
the cycle time of the nozzle boom by a control system, which can alter the speed and 
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delay time of oscillations. Different settings of speed and cycle time were used to 
simulate different rainfall intensities and the appropriate speed and delay settings for 
this study were obtained by undertaking a calibration procedure. 
 
b. Calibration and uniformity testing of the rainfall simulator  
The rainfall simulator was calibrated prior to the field experiments. This was to 
assign speed and cycle time settings for the control box for simulating the required 
rainfall intensities. The overall range of the control box was 3 to 20 seconds of cycle 
time under two speeds settings. 
 
A procedure similar to that adopted by Herngren (2005) and Loch et al. (2001) was 
used for the calibration of the rainfall simulator. The procedure adopted in this study 
is outlined below. 
 Twelve containers were placed under the rainfall simulator as shown in 
Figure 3-4. 
 Rainfall simulator was operated for 5 min for each speed and delay 
settings of the control box. The complete sets of control box settings are 
available in Table A1, Appendix A. 
 The volume of water accumulated in each container during a 5 min 
simulation was measured. 
 Rainfall intensity for each control box setting was calculated using Eq. 3.1. 
Outcomes from the rainfall simulator calibration exercise are available in 
Table A1, Appendix A. 
 
𝑅𝑎𝑖𝑛𝑓𝑎𝑙𝑙 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 (
𝑚𝑚
ℎ𝑟
) =
𝑉 (𝑚𝑚3)×60(
𝑚𝑖𝑛
ℎ𝑟
)
𝐴 (𝑚𝑚2)×5𝑚𝑖𝑛
                                                           Eq. 3.1 
 
where V is the volume of water collected in the container and A is the surface area of 
the container 
 
According to the test results given in Table A1, Appendix A, the maximum rainfall 
that can be produced by the rainfall simulator is 83 mm/hr.  
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Figure 3-4 Rainfall simulator calibration and uniformity of testing 
 
Once the simulator was calibrated for its intensities, the spatial variability of rainfall 
intensity over the plot surface was also estimated. For this purpose, a uniformity 
coefficient was determined using the data obtained from the calibration as given in 
Eq. 3.2.  
𝑈𝑛𝑖𝑓𝑜𝑟𝑚𝑖𝑡𝑦 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 (%) = [1 −
|∑ 𝑥|
𝑚 × 𝑛
] × 100                                                        Eq. 3.2  
 
where 𝑥 is the deviation of an individual observation from mean, n is the number of 
observations and m is the mean intensity.  
 
A higher uniformity coefficient indicates little spatial variability across the plot. 
According to the test results given in Table A1, Appendix A, uniformity coefficients 
for the complete range of simulated intensities were in the range of 77-85%. 
Egodawatta (2007) and Herngren (2005) also observed the similar range of 
uniformity coefficients for intensities that were simulated using the rainfall 
simulator. Accordingly, it can be concluded that a rainfall simulator has the 
capability to simulate predetermined intensities with little spatial variability over the 
sampling plot. 
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c. Rainfall event selection for pollutant wash-off sample collection 
Four different rainfall intensities and their most frequent durations were selected for 
rainfall simulations. Events were selected based on a statistical analysis of measured 
rainfall events. The statistical analysis was conducted using rainfall data for the 
years, 1999, 2004 and 2005. These three years were selected after comparing the 
long-term trends in rainfall records. Based on the long-term rainfall records, three 
selected years represented, above average, average and below average total rainfall 
depths. For the analysis, all the events for the three representative years were 
separated and maximum 6, 12, 18, 24, 30, 36, 42, 60 min rainfall intensities (greater 
than 10mm/hrs.) and their frequency of occurrence were extracted. Frequency 
distribution is plotted in Figure 3-5.  The selected intensities are marked in Figure 3-
5. 
 
 
Figure 3-5 Frequency of occurrence of the rainfall events 
 
The rainfall events selected for the wash-off study were also based on the capability 
of the rainfall simulator in re-producing rainfall intensities. The selected rainfall 
events are shown in Table 3-3. 
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Table 3-3 Selected rainfall intensities and durations 
Rainfall Intensity 
(mm/hr) 
Rainfall duration (min) 
Event  1 Event 2 Event 3 Event 4 Event 5 Event 6 
83 6 12 18 24 - - 
64 6 12 18 24 - - 
38 6 12 18 24 30 36 
25 6 12 18 24 30 36 
Design  rainfall intensities for 6, 12, 18, 24, 30 and 36 min durations 
1 year ARI (mm/hr) 104 80.3 67.1 58.1 51.1 47.6 
 
d. Protocol for wash-off sample collection in the field 
The rainfall simulator was required to be set up at the selected road site for wash-off 
sample collection as illustrated in Figure 3-6. Wash-off was collected from a 3 m
2
 
surface area similar to that of build-up collection. For that, a 2.0 m x 1.5 m plot 
boundary was demarcated on the road surface using a plastic frame (Figure 3-6). It 
was sealed using gutter tape and silicon sealant to avoid water escaping through the 
boundary. The downstream end of the plot was kept open to fix the catch tray 
(collection trough) which has a capacity of 30 L, to temporarily capture runoff during 
rainfall simulations. The catch tray was also fixed to the road surface and sealed 
using silicon so the runoff generated within the plot boundary flows into it. Collected 
water in the tray was immediately transferred into 25 L polyethylene containers with 
the use of the vacuum cleaner as shown in Figure 3-7.  
 
Selected four rainfall intensities were simulated in four different plots at each 
selected road site. For particular rainfall intensity, the simulator was operated 
continuously and samples were collected at discrete intervals. For example, at 83 
mm/hr intensity, the first wash-off sample was collected after a duration of 6 min, the 
second wash-off sample was collected at 6-12 min and so on. The collected samples 
were labelled and transported to the laboratory on the same day of collection. 
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Figure 3-6 Rainfall simulator set-up for wash-off sample collection 
 
 
Figure 3-7 Wash-off collection into the polyethylene container from catch tray 
 
3.3.3 Potential source sample collection 
As noted in Section 3.2.2(c), soil, tyre wear, brake wear, asphalt wear and vehicle 
exhaust were considered as primary potential pollutant sources. This section outlines 
the sample collection methodologies adopted except the vehicle exhaust sample 
collection. Chemical signatures of vehicle exhaust samples were obtained from the 
study conducted by Lim (2007). 
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a. Soil sample collection 
Soil samples were collected from the area adjacent to the selected road sites. From 
each location, three samples were collected at a depth of 5-10 cm below the surface 
in order to avoid cross contamination from other sources of pollutants. One sample 
was collected close to the build-up sampling plot and the other two samples were 
collected approximately 5m either side of the plot along the road length. Samples 
were collected in labelled, self-sealing polyethylene bags and transported to the 
laboratory. 
 
b. Tyre,  brake and asphalt wear sample collection 
Methodologies for potential source sample collection were reviewed to ensure that 
the most appropriate approach was adopted. Table 3-4 lists the methods used in past 
research studies for tyre wear, brake wear and asphalt wear sample collection.  
 
Table 3-4 Potential pollutant source sample collection methods 
Reference 
Traffic related 
source 
Collection method 
Camatini et al. (2001)  Tyre wear 
Rotation of tyre against a steel brush  
Grinding of tyre tread against a drum 
carrying grit paper 
Pressing steel blade against a tyre 
Davis, et al. (2001)  Tyre wear Abrade using a steel brush 
Kreider, et al. (2010)  
Tyre wear Chipped off from the tyre tread  
Adachi and Tainosho 
(2004) 
Adachi and Tainosho 
(2004) 
Brake wear From rim of the front brake lining 
Kennedy and Gadd (2000)  Asphalt wear Collect during road milling 
 
The use of different methods to collect samples depends on available facilities and 
study characteristics. In addition, the methodologies were selected to ensure that 
there was no cross contamination among sources. Figure 3-8 shows selected tyre, 
brake pads and asphalt samples used for this study. Tyre wear was collected by 
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chipping off from tyre thread and brake wear was collected from the brake pads 
(Adachi and Tainosho, 2004). Asphalt wear was collected by road milling (Kennedy 
and Gadd, 2000). Each source sample was formed by mixing three aliquots of 
randomly selected tyres, brake pads and road plots.  
 
Figure 3-8 Selected (a) tyre (b) brake pads (c) asphalt 
 
3.3.4 Data analysis techniques 
A range of analytical techniques were employed for this study. Each technique used 
is explained in detail below. 
 
a. Univariate analysis 
Univariate analysis was employed in this study in order to investigate the general 
trends in the data set. Primarily, mean and standard deviation were calculated using 
MS Excel 2010.  
 
b. One-way Analysis of variance (one-way ANOVA) 
The statistical test, one-way analysis of variance (one-way ANOVA) can be used to 
test the differences in the arithmetic mean of different groups of data for statistical 
significance. In this technique, a user assumes the 'null hypothesis', which states that 
there are no differences in the population mean between the groups. Using the data 
set, user is trying to find evidence against this null hypothesis and accept the 
alternative hypothesis. The alternative hypothesis states that differences between the 
group population means really do exist. In other words, at least one group mean is 
different from others.  
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Statistical significance is accepted at p < 0.05. This denotes that if the probability of 
finding differences in the means of groups in the data set is less than 5%, the 
alternative hypothesis is true. 
 
To obtain robust results from one-way ANOVA, the data set should satisfy the 
following assumptions  
 No outliers 
 Data is approximately normally distributed in each group 
 Homogeneity of variances 
However, in reality, one or more of these assumptions can be violated. The analysis 
and testing for assumptions were conducted as guided by SPSS 21.0 software (SPSS, 
2012b). 
 
c. PROMETHEE analysis 
Preference Ranking Organization Method for Enrichment Evaluation 
(PROMETHEE) is a non-parametric technique used as a decision making tool in 
management, business, engineering and science. PROMETHEE ranks the series of 
alternatives (which affect the decision) from the best to worst ones based on multiple 
criteria (Behzadian et al., 2010). The technique includes PROMETHEE I for partial 
ranking of the alternatives and PROMETHEE II for complete ranking of alternatives. 
The use of PROMETHEE I is complex when dealing with a large number of 
alternatives whereas PROMETHEE II provides the simplest interpretations of 
ranking of all the alternatives (Behzadian, et al., 2010). PROMETHEE II is based on 
a pairwise evaluation of alternatives according to each selected criterion which has to 
be minimised or maximised. Comparisons between different criteria are done based 
on a selected preference function. The importance of each criterion in overall 
analysis is determined by assigning a weighting.  
 
The preference function converts the difference between the evaluations obtained by 
a pair of alternatives into preference degree ranging from 0 to 1 (Behzadian, et al., 
2010). There are six types of preference functions which depend on thresholds 
proposed by Brans and Vincke (1985): 
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 Usual criterion (no threshold) 
 U-shape criterion (Q threshold) 
 V-shape criterion (P threshold) 
 Level criterion (Q and P threshold) 
 V-shape with indifference criterion (Q and P threshold) 
 Gaussian criterion (S threshold) 
Preference functions are also characterised by three thresholds; Q, P and S. Q 
threshold (indifference threshold) is known to represent the largest deviation 
considered to be negligible whereas P threshold (preference threshold) represents the 
smallest deviation considered to be decisive between two alternatives. The S 
threshold (Gaussian threshold) represents a middle value used only for the Gaussian 
preference function.  
 
PROMETHEE refines the preference selection process with the use of preference 
flows. A positive preference flow (Ø+) indicates the degree to which an alternative is 
preferred or outranks other alternatives, while a negative preference flow (Ø-) 
indicates the degree to which an alternative is outranked by all the other alternatives. 
The difference between the positive and negative preference flows [net flow (Ø)] is 
used to rank alternatives in such a way that the larger net flow is obtained. In this 
study, Decision Lab 2000 software was used to perform the analysis.  
 
d. Receptor modelling (PCA/APCS receptor model) 
Principal component analysis/absolute principal component scores (PCA/APCS) is a 
multivariate analytical technique and a receptor modelling tool which is used to 
identify the sources of pollutants and then to quantify the contributions from each of 
the identified sources to the pollutant mixture. PCA is first used to identify the 
sources related to the pollutant mixture. PCA based further analytical procedure 
including APCS and multi linear regression is used to quantify the contributions. 
 
Principal component analysis (PCA) 
Principal components analysis (PCA) is a variable-reduction technique that aims to 
reduce a larger set of variables into a smaller set of independent 'artificial' variables 
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(called principal components) that account for most of the variance in the original 
variables. PCA will produce as many components as there are variables. However, 
users need to extract the most significant principal components that resolve the 
largest amounts of variance that determine the data distribution.  
 
The eigenvalue one criterion was used to extract the most significant components. 
The eigenvalue-one criterion (also referred to as the Kaiser Normalisation) is one of 
the most popular methods for establishing how many components to retain in PCA. 
An eigenvalue greater than one indicates that the component explains more variance 
and hence should be retained. The components with eigenvalue of less than one are 
excluded from the analysis.  
 
The retained principal components were subjected to Varimax rotation in order to 
obtain an easily interpretable form of the principal components in the SPSS software. 
The resulting principal component matrix shows rotated components with loading on 
each variable. Based on the grouping of variables in terms of component loading, the 
source identification can be accomplished.  
 
Data pre-treatment for PCA 
Data sets used for PCA are often required to be standardised into dimensionless 
form. This is done using the approach presented in Eq. 3.3, so that the mean of each 
of the variables is equal to zero and standard deviation is equal to one. This 
standardisation allows variables to cluster together based on their characteristics, 
facilitating source identification. 
 
𝑍𝑖𝑘 =
𝐶𝑖𝑘 − 𝐶?̅?
𝜎𝑖
                                                                                                                               Eq.  3.3 
 
where, 𝐶𝑖𝑘 is the concentration of variable i in sample k, 𝐶𝑖is the mean of the 
concentration of variable i and 𝜎𝑖 is its standard deviation. 
 
In addition, sensitivity analysis need to be performed as PCA is sensitive to the 
outliers in the data matrix (Guo, Wang and Louie, 2004; Guo, Wang, Simpson, et al., 
2004). The role of sensitivity analysis is to remove outliers till a stable principal 
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component matrix is obtained, enhancing confidence in the derived conclusions. In 
this study, the Hotelling T
2 
test was used to identify outliers (Settle et al., 2007).  
 
Source apportionment using PCA and APCS 
The analysis can be further extended in order to estimate the contribution from each 
of the identified sources to the pollutant mixture. The procedure adopted is as 
follows: 
 In PCA, a large set of samples are introduced to the software to extract the 
principal component matrix with corresponding loading of each variable. 
The resulting matrix is used to identify the sources. In estimating source 
contributions, ‘component score matrix’ is needed to be known. Here, 
component scores are the scores calculated by SPSS that are a linear 
composite of the optimally-weighted original variables. A component 
score is assigned to individual samples corresponding to each of the 
extracted components.  
 As the data set is standardised, the resulting component scores are not 
related to true zero of the variable. Therefore, a sample with zero value of 
each variable (artificial sample) was introduced to the data set to calculate 
the true zero for the each component score.  
 Hence, rescale components scores (known as absolute principal 
component scores-APCS) can be estimated by subtracting the component 
score of the artificial sample from the component scores of the each of the 
original component score. 
 The APCS obtained are used as independent variables while multiple 
linear regression is performed using the total mass concentrations of 
variables as dependent variables in accordance with Eq. 3.4. 
 
 CTk = 𝜀0 + ∑ APCSsk × εs                          𝑠 = 1, 2, … , p                                        Eq. 3.4 
 
where, CTk is the total mass concentration of variables in sample k, 𝜀0  is the residual 
error (constant term of the multiple regression) which represent the contribution from 
the sources that were not determined by the PCA and assumed to be minimal, εs is 
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the coefficient of the multiple regression for source s, APCSsk is the rescaled 
component score for source s in sample k. The APCSsk×εs represents the contribution 
of source s to CTk. The mean of APCSsk×εs of all the samples estimates the 
contribution of the sources.  
 
The procedure described has been successfully used in research literature in source 
apportionment of sediments, air and soil sample matrices. 
 
e. Hierarchical cluster analysis (HCA) 
Hierarchical cluster analysis (HCA) is a method of cluster analysis which searches to 
build a hierarchy of clusters. A key component of the analysis is repeated calculation 
of distance measures between objects (or variables), and between clusters once 
objects (or variables) begin to be grouped into clusters. The outcome is represented 
graphically as a dendrogram. The most common algorithms for hierarchical 
clustering are single linkage clustering, complete linkage clustering, average linkage 
clustering, average group linkage and Ward´s linkage. HCA has been used in 
pollutant source identification based on the grouping of pollutant species (Brady et 
al., 2014). 
 
f. Multiple linear regression (MLR) 
Multiple linear regression (MLR) is typically used to predict the value of one 
dependent variable from the values of two or more independent variables 
(explanatory variables) by fitting a plane (or multi-dimensional plane) through the 
data. In MLR, the explanatory variables are the known variables. When the 
explanatory variables are varied, they produce a corresponding value for the 
dependent variable. The generalised equation for a dependent variable, y, resulting 
from MLR, is shown in Eq. 3.5. 
 
𝑦 = 𝑏𝑜 + 𝑏1𝑥1 + 𝑏2𝑥2 + ⋯ + 𝑏𝑘𝑥𝑘                                                                                           Eq. 3.5 
 
where y is the dependent variable,𝑥1, 𝑥2,𝑥𝑘 are the explanatory variables and 𝑏𝑜, 𝑏1, 
𝑏𝑘 are the regression coefficients. 
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For a MLR analysis to be a valid test to use, the following assumptions must be 
satisfied; 
 Independence of errors (residuals). 
 A linear relationship between the explanatory variables (and composite) 
and the dependent variable. 
 Homoscedasticity of residuals (equal error variances). 
 No multi-collinearity. 
 No significant outliers or influential points. 
 Errors (residuals) are normally distributed. 
These assumptions provide information on the accuracy of predictions, test how well 
the regression model fits data, and determine the variation in dependent variable 
explained by independent variables and test hypotheses in regression equations. It is 
necessary to make corrections and re-test if these assumptions are violated,. 
 
With real world data, it is not uncommon for one or more of these assumptions to be 
violated. However, users often employ data transformation techniques to overcome 
the violations. For example, data transformations into logarithmic form or 
standardisation (as in Eq. 3.3) can be applied in scenarios where the independent 
variables and the dependent variable are not normally distributed.  
 
Best subset regression 
Best subset regression is a complementary technique for selecting variables in a 
multiple linear regression by systematically searching through the different 
combinations of the explanatory variables and selecting the subsets of variables that 
best contribute to predicting the dependent variable (SigmaPlot, 2013b). The 
technique is available in SigmaPlot software (SigmaPlot, 2013a).   
 
There are several criteria to evaluate which subsets of variables best contribute to 
predicting the dependent variable. One of them is the coefficient of determination 
(R
2
). R
2
 is a measure of how well the regression equation describes the data. 
However, the number of variables used in the equation is not taken into account. 
Consequently, equations with more variables result in a higher R
2
. R
2
adjusted is also 
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used as a criterion in selecting the best subsets of variables. Unlike in R
2
, R
2
adjusted 
takes into account the number of explanatory variables in the equation.  This in turn 
account for the loss of degrees of freedom when the additional explanatory variables 
are added to the equation (SigmaPlot, 2013b). Therefore, the use of R
2
adjusted is more 
reliable than the use of R
2
. 
 
g. Techniques to evaluate accuracy of mathematical models   
In this study, robust techniques were needed to determine the accuracy of the 
developed predictive equations. The techniques used are described below. 
 
Coefficient of determination (R
2
) 
The coefficient of determination (R
2
) indicates the portion of the variability in the 
dependent variable that is explained by the developed mathematical models (May, 
2011). R
2
 greater than zero suggest that the evaluated mathematical model is more 
accurate than a mean estimate of the data set (Driver and Tasker 1990). 
 
The mathematical equation for coefficient of determination is shown in Eq. 3.6. 
 
𝑅2 = 1 −  [
∑ (𝑦𝑖 − ?̂?)
2𝑛
𝑖=1
∑ (?̅? − 𝑦𝑖)2
𝑛
𝑖=1
]                                                                                                          Eq. 3.6 
 
where 𝑦𝑖 is the observed value, ?̂? is the predicted value and ?̅? is the mean of the 
observed values 
 
Relative prediction error (RPE) 
Relative prediction error (RPE) can be estimated using Eq. 3.7 (Egodawatta, et al., 
2013) to evaluate the accuracy of developed equations. A lower RPE results in a 
better prediction. 
 
𝑅𝑃𝐸 = √[
∑ (𝑦𝑖 − ?̂?)2
𝑛
𝑖=1
∑ (𝑦𝑖)2
𝑛
𝑖=1
]                                                                                                            Eq. 3.7 
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h. Techniques to validate the mathematical models   
The purpose of the validation of a developed equation is to check the ability of the 
equation in predicting the dependent variable for a different data set. There are 
several techniques that are used to validate mathematical models such as external 
validation and cross validation. 
 
In this study, cross validation method, leave-one-out validation technique was used 
as the data set is comparatively small (May, 2011). The validation data set is equal to 
one in leave-one-out analysis. In this regard, standard error of cross validation 
(SECV) was estimated using Eq. 3.8. Here again a lower SECV means better 
prediction using developed equations. 
 
𝑆𝐸𝐶𝑉 = √[
∑ (𝑦𝑖 − ?̂?)2
𝑛
𝑖=1
𝑁
]                                                                                                       Eq. 3.8 
 
where N is the number of samples 
 
3.4 SUMMARY 
The research design primarily included a comprehensive literature review, field 
sample collection (build-up and wash-off) from road surfaces, potential pollutant 
source sample collection, laboratory testing for selected pollutant parameters and the 
analysis of data generated through the laboratory testing in order to achieve the aims 
and objectives of the study.  
 
The dry and wet vacuum system was selected for use for field build-up sample 
collection and the system was tested for its collection efficiency prior to field use and 
found to have an efficiency of 98% in the collection of road surface build-up. The 
rainfall simulator was selected for use to simulate rainfall under predetermined 
rainfall intensities and the simulator was calibrated for different intensities. The 
wash-off generated from the simulated rainfall was collected using a vacuum cleaner. 
 
Physical and chemical signatures of the build-up and wash-off samples that were 
tested are metals, hydrocarbons, solids, organic matter and particle size distribution. 
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The data obtained were analysed using univariate and multivariate data analysis 
techniques. Univariate analysis was used to identify basic patterns of the data set 
while multivariate techniques were used to characterise the contribution from sources 
of pollutants.   
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 Study Sites and Laboratory Chapter 4:
Testing Procedures 
4.1 BACKGROUND 
In order to define pollutant build-up and wash-off process characteristics in terms of 
contributing sources, a comprehensive data matrix that includes pollutant signatures 
of build-up and wash-off and potential sources is essential. In this study, build-up 
and wash-off sampling was programed in such a way that the collected samples 
cover the typical variations of their signatures in an urban environment. In addition, 
samples from potential pollutant sources were required in order to compare the 
signatures with the road surface build-up and wash-off where applicable. Primary 
methodologies adopted in build-up, wash-off and source sample collection are 
outlined in Chapter 3.  
 
This chapter describes the selected study sites and laboratory test methods adopted 
for testing for physical and chemical signatures of collected samples. In particular, 
test methodologies for total solids, organic matter, particle size distribution, metals 
and hydrocarbons are described. Quality control and quality assurance procedures 
adopted to ensure the accuracy of the data obtained from the laboratory testing are 
also described.  
 
4.2 STUDY SITES 
Study sites were selected in the Gold Coast region, South East Queensland, 
Australia. The Gold Coast region is currently subjected to significant urban 
development providing an appreciable variation in stormwater pollutant sources. 
Four suburbs from the Gold Coast namely, Surfers Paradise, Benowa, Nerang and 
Clearview Estate were selected for this study as shown in Figure 4-1. These four 
suburbs are situated in close proximity to the Nerang River from downstream to 
upstream, respectively.  
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Figure 4-1 Map of the selected sites 
 
The selected four suburbs represent different land use characteristics such as 
commercial, industrial and residential. Differences in soil characteristics were also 
expected as the suburbs stretch from the coastline to inland. Four different road sites 
from each of the four suburbs were selected for investigations so that they represent 
the different traffic characteristics. Accordingly, it was assumed that the potential 
variability in road surfaces pollutants due to variations in soil characteristics, land 
use variations and traffic variations are represented in the site selection.  
 
Table 4-1 provides the details of the selected study sites together with site 
identification (Site ID), which is used in further discussions. In addition, daily traffic 
volume, texture depth (a measure of road surface condition), slope of the road section 
and distances from the coastline to the sampling locations are given in Table 4-1. The 
slope and the distance from the coastline to the sampling location was measured 
using Nearmap mapping product (Nearmap, 2014). A 50 m road section across the 
sampling location was considered in measuring the slope of the road and Figure 4-2 
shows an example image of measurement of distance from coastline. The daily 
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traffic volume given in Table 4-1 was obtained from the Gold Coast City Council. 
Daily traffic volume in C3, C4, I2, M4, R2 and R4 are actual traffic counts 
conducted by the City Council whereas the other data given are traffic modelling 
estimates. It should be noted that traffic modelling estimates are as close as possible 
to actual traffic in the roads which provide good engineering judgement. Texture 
depth of the road surface was obtained from Gunawardana (2011) study measured 
using the sand patch experiment based on ASTM (2006) and FHWA (2005). Brief 
descriptions of each suburb and selected sites are given in Table 4-1 and further 
details can be found in Gunawardana (2011).  
Table 4-1 Selected study sites 
S
u
b
u
rb
 
Site name 
Site 
ID 
Land use  
Daily 
traffic 
volume 
*Texture 
depth 
(mm) 
 
Slope 
% 
DIS  
(m) 
S
u
rf
er
s 
P
ar
ad
is
e 
 Hobgen Street C1 C 750 0.9 0.1 1332 
St Paul’s Place C2 C 750 0.63 0.2 1107 
Thornton 
Street 
C3 C 3184 1.11 0.1 243 
Via Roma 
Drive 
C4 C 1587 0.85 0.1 1098 
N
er
an
g
  
Hilldon Court I1 I 3500 0.93 0.4 8992 
Lawrence 
Drive 
I2 I 6915 1.06 0.2 8424 
Patrick Road I3 I 500 1.14 0.4 8896 
Steven Street I4 I 500 1.1 8.7 9601 
B
en
o
w
a 
De Haviland 
Avenue 
M1 R 500 0.9 0.1 4064 
Mediterranean 
drive 
M2 C 750 0.82 5.4 4270 
Strathaird 
Road 
M3 C 3000 0.8 0.1 2901 
Village High 
Road 
M4 R 1537 0.91 1.8 3539 
C
le
ar
v
ie
w
 E
st
at
e Carine Court R1 R 500 0.92 4.8 11639 
Merloo Drive R2 R 834 0.76 2.2 12788 
Winchester 
Drive 
R3 R 750 0.87 1.2 11580 
Yarrimbah 
Drive 
R4 R 608 0.84 0.4 12251 
C: Commercial, I: industrial, R: Residential 
* Texture depth were obtained from (Gunawardana, 2011) 
DIS: Distance from the coastline 
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Surfers Paradise (commercial land use) 
Surfers Paradise is a popular tourist destination in the Gold Coast region as it is 
situated close to the coastline. Traffic activities within the area are comparatively 
high due to visitors to the area. Many of the buildings in Surfers Paradise are 
commercial buildings such as hotels, shops and schools. Hence, this suburb can be 
categorised as commercial land use. The common type of roadside soil in this area is 
sandy soil due to the close vicinity to the coastline. All of the selected sites in Surfers 
Paradise are within 1.5km from the coastline. 
 
 
Figure 4-2 Distance from the coastline to the sampling point 
 
Four roads from this suburb were selected so that they represent the varying traffic 
characteristics (see Figure 4-3). The selected sites were: 
 Hobgen Street (C1) 
 St Paul’s Place (C2) 
 Thornton Street (C3) 
 Via Roma Drive (C4) 
 
Hobgen Street is situated closed to a school and a playground and has parking lots 
along the road. St Paul’s Place is a residential access road. Relatively light traffic 
conditions are experienced on Hobgen Street and St Paul’s Place. Thornton Street is 
the nearest street to the coastline surrounded by hotels and high rise apartments and 
directly connected to an arterial road. Hence, high traffic flow is experienced on this 
road (3184). 
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Via Roma Drive is a major road. Both Hobgen Street and St Paul’s Place are 
connected to this road. Two traffic signalised intersections exist along this road. All 
the four roads has fairly flat surface with varying texture depths ranging from 0.63- 
1.11 mm (see Table 4-1). 
 
 
Figure 4-3 Study sites in Surfers Paradise 
 
Benowa (Mixed land use) 
Benowa is located west of Surfers Paradise. In this suburb, land use characteristics 
vary considerably from one location to another. Four sites were selected from this 
suburb (see Figure 4-4) so that they represent the mixed land use characteristics 
within the suburb. The selected sites and characteristics of each of the selected roads 
are given below. 
 De Havilland Avenue (M1): 
 Mediterranean Drive (M2): 
 Strathaird Road (M3): 
 Village High Road (M4): 
 
De Havilland Avenue is an access road to a residential area with detached family 
houses and town houses. Mediterranean Drive is an access road to a school and 
detached family houses and it connects to a major road (Benowa Road). It has a 
relatively steep slope compared to other roads. Strathaird Road is an access road to a 
commercial area and located close to a major road (Ashmore Road) and the highest 
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daily traffic volume among four roads selected is reported on this road. Commercial 
buildings such as a warehouse, food stores, mechanical workshops and a service 
station are situated on either side of the road. Village High Road is an access road to 
a residential area with detached family houses and town houses. 
 
 
Figure 4-4 Study Sites in Benowa 
 
Nerang (Industrial land use) 
Nerang is located next to Benowa to the inland along the Nerang River. The study 
sites were selected so that they represent the industrial land use characteristics. 
Following are the sites and their characteristics (Figure 4-5):  
 Hilldon Court (I1): 
 Lawrence Drive (I2): 
 Patrick Road (I3): 
 Stevens Street (I4): 
 
Hilldon Court is an arterial road with access to several industries including a vehicle 
service station, plumbing and metal work industries. Lawrence Drive is also an 
arterial road providing access to industries including a vehicle service station and 
carpet and steel industries having the highest daily traffic volume among the 16 sites. 
Patrick Road is an access road for a number of industries such as a boat builder and 
plumbing and furniture industries. Stevens Street is an industrial road with steep 
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slope (8.7%). It provides access to sheet metal, paint, furniture, welding and ready 
mix concrete industries. Relatively light traffic flow is experienced on this road. 
 
In addition to that, traffic movements are different from the other land uses. This 
suburb is subjected to heavy duty traffic activities due to industrial activities in the 
area. Other than Stevens Street, the other three roads are close to a motorway (Pacific 
Motorway). 
 
 
Figure 4-5 Study sites in Nerang 
 
Clearview Estate (Residential land use) 
Clearview Estate is situated most upstream of the Nerang River from among the 
selected sturdy areas, and has residential land use characteristics within the area. The 
selected sites are shown in Figure 4-6. All the sites are surrounded by detached 
family houses and well maintained lawns. The selections of the four different sites 
were based on the housing density which reflects the traffic activities in the area 
(Figure 4-6). These sites were: 
 Carine Court (R1) 
 Merloo Drive (R2) 
 Winchester Drive (R3) 
 Yarrimbah Drive (R4) 
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Traffic activities are comparatively low in this suburb. Yarrimbah Drive is the 
connector road for this suburb to the main arterial and has high traffic flow. The 
other three roads are access roads.  
 
 
Figure 4-6 Study sites in Clearview Estate 
 
4.3 LABORATORY TESTING OF POLLUTANT BUILD-UP AND WASH-OFF SAMPLES 
The selection of the most appropriate laboratory test methods was a high priority as 
this was the main step in achieving the first objective of this study. The collected 
samples were tested for a range of physical and chemical parameters to identify the 
signature profiles of the build-up and wash-off samples. The selected test methods 
are tabulated in Table 4-2. In this section, firstly, sub sampling procedures for 
pollutant build-up and wash-off samples are discussed. Secondly, testing procedure 
for total solids, organic matter, particle size distribution, metals and hydrocarbons are 
discussed along with quality control and quality assurance procedures adopted in this 
study.  
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Table 4-2 Laboratory test methods 
Test parameter Test method 
Metals 200.8  (US EPA, 1994) 
Hydrocarbon                                               
(Semi-volatile organics) 
3510C, 3630C,  8015D and 8270D (US EPA, 
2008) 
Total solids 2540B (APHA, 2005) 
Organic matter 6G1 (Rayment and Lyons, 2011) 
Particle size distribution Using Malvern Mastersizer S 
 
4.3.1 Sub sampling of build-up samples 
Prior to laboratory testing, collected build-up samples were sub sampled in order to 
obtain representative samples for the laboratory analysis. Two separate 1 L portions 
from thoroughly mixed 6 L build-up samples were taken out.  One portion was again 
partitioned into three portions to test for different test parameters that required 
different preservation methods (see Figure 4-7). The second portion was used to test 
the samples for different parameters in different particle size fractions. This second 
portion was sieved to differentiate the build-up solids into particle size ranges of 
>425 µm, 425-300 µm, 300-150 µm, 150-75 µm and <75 µm. Each of the particle 
size fractions were partitioned into three portions in order to test for different 
parameters. Figure 4-7 shows the schematic diagram of the sub sampling procedure. 
 
4.3.2 Sub sampling of road wash-off samples 
The collected wash-off samples were also sub sampled prior to laboratory analysis. 
However, only one portion (1 L) of the wash-off sample was taken out as a 
representative sample in order to test for the different test parameters mentioned in 
Table 4-2. Again this 1 L was separated into three portions to test them for metals, 
hydrocarbons and total solids, organic matter and particle size distribution. The 
wash-off samples were tested for physical and chemical parameters without 
fractioning into different particle sizes. 
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Figure 4-7 Sub sampling of a build-up sample 
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4.3.3 Testing for total solids 
The total solids in build-up and wash-off samples were tested using Method 2540 B 
(APHA 2005) for each of the original and size fractionated sub samples. For this, 
100 mL of sample was transferred to a pre weighted cleaned and dried petri dish and 
evaporated in a drying oven at 105º C. The dried sample was weighed and the weight 
difference was taken as the weight of total solids.  
 
4.3.4 Testing for particle size distribution 
Both build-up and wash-off samples were analysed for their particle size distribution 
using Malvern Mastersizer S. It has the capability to analyse particle sizes ranging 
from 0.05-900 µm. In this instrument, the particle size distribution is interpreted in 
the form of volumetric percentages. Further, it has also been noted that the accuracy 
of the measuring process is ± 2% of the volume of the median diameter (Malvern, 
1997).  
 
4.3.5 Testing for organic matter content 
The organic matter content was determined by the ‘loss on ignition’ method, 
according to Method 6G1 in Soil Chemical Methods – Australasia (Rayment and 
Lyons, 2011) with some modifications to suit build-up and wash-off samples. 
Organic matter in each of the original and size fractionated sub samples was tested.  
 
The procedure adopted was as follows. 
Apparatus used 
Porcelain crucibles  
Glass fibre filter papers (0.45 µm) 
Drying oven set at 105 ºC 
Muffle furnace set at 550 ºC 
Desiccator  
Analytical balance (± 0.01 mg) 
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Procedure  
 Initially the crucibles were conditioned at 550 ºC for 2hrs and cooled in a 
desiccator. 
 A filter paper was put into a crucible and conditioned at the same 
temperature for 2 hrs and their weight was determined after cooling down 
to room temperature (W0). 
 50mL of build-up or wash-off sample was filtered using a vacuum 
filtration system and filter paper and crucible was kept overnight in the 
drying oven at 105 ºC to remove the water. Weight of the crucible and 
filter paper was measured (W105). 
 The crucible with the filter paper was then kept in the muffle furnace at 
550 ºC for 2hrs. 
 Once it cooled down, the weight was measured (W550). 
 % of organic matter in the sample was calculated using Eq. 4.1. 
 
Organic matter (%) =  
[(W105 − W0) − W550]
(W105 − W0)
× 100                                            Eq. 4.1 
 
4.3.6 Testing of metals 
Metals were tested based on the US EPA 200.8 method (US EPA, 1994). The details 
of the procedure used in this study are described below. 
 
Sample preservation and storage 
The 250 mL plastic bottles used to store the samples were well cleaned by reagent 
grade water after soaking in a 20% nitric acid bath. The samples were acidified with 
0.75 mL of 1:1 nitric acid to obtain pH value < 2. This was done at the time of sub 
sampling. Samples were then stored in a refrigerator at 4 ºC. 
 
Sample preparation (Nitric acid digestion) 
Nitric acid digestion was undertaken in order to extract the metals in the build-up and 
wash-off samples. In this study, a hot block digester (SC154) manufactured by 
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Environmental Express was used to digest samples. First, 50 mL aliquot of well 
mixed acid preserved sample was transferred to a 50 mL polypropylene screw cap 
digestion vessels provided by the same manufacturer (SC475). Concentrated reagent 
grade nitric acid (2.5 mL) was then added to the sample and placed in the hot block 
digester at a temperature of 95 ºC. The samples were kept in the digester for 
approximately 2.5 hrs so that the sample volume reached 20 mL. Each of the samples 
in the digester was agitated while digestion was in progress and the temperature was 
monitored. The digested sample was filtered to remove the solid particles and reagent 
grade water was added to make the sample up to 50 mL, and refrigerated until the 
analysis was performed. 
 
Sample analysis and quality control/quality assurance procedure 
The Inductively Coupled Plasma- Mass Spectrometry (ICP/MS) was used for the 
analysis. Agilent 8800 Triple Quadrupole ICP/MS (Agilent Technologies) was used 
in this study (Figure 4-8).  
 
The method development was conducted using multi element calibration standards 
and a multi element internal standard. Two custom standards prepared by 
AccuStandard were used as the calibration standards for this analysis. The first 
custom standard contained 21 metals given in Table 3-1 (except Pd, Pt and Rh) in 
5% nitric acid matrix (Custom ICP standard: IS-24437). In this standard, the 
concentration of Al, Ca, K, Mg and Na was 50 mg/L and Ba, Cd, Co, Cr, Cu, Fe, Li, 
Mn, Mo, Ni, Pb, Sb, Sn, Ti and V was 10 mg/L. Since, Pd, Pt and Rh were not 
compatible with the nitric acid matrix, these three metals were prepared as a separate 
custom standard in 10% HCl matrix with each element having 10 mg/L 
concentrations (Custom ICP standard: IS-24438). The concentration levels were 
needed to suit the possible levels of concentrations in the build-up samples. 
 
Multi element internal standard prepared by the AccuStandard (ICP/MS Internal 
Standard for Method 200.8) was used. This standard contains elements, namely, 
scandium (Sc), yttrium (Y), indium (In), terbium (Tb) and bismuth (Bi) having 
concentrations of 100 mg/L in the 2-5% nitric acid matrix.  
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Six concentration levels, namely, 0.001/0.005, 0.01/0.05, 0.1/0.5, 1/5, 2/10 and 5/25 
mg/L were prepared using the above two custom standards to develop calibration 
curves for each element. The internal standard concentration was kept at 0.1 mg/L 
concentration in 50 mL of samples. The precision of the method (percentage 
recovery) was determined by spiking the known concentration of calibration standard 
solutions. The recovery was calculated as given in Eq. 4.2. The replicate samples 
were analysed in order to test the repeatability of the method. For this purpose, 
percentage relative standard deviation (RSD) of concentrations of replicate samples 
was calculated as given in Eq. 4.3.  The method detection limits for each element 
was determined by analysing seven replicates of blank samples. The results of 
quality control and the quality assurance procedure are shown in Table B1 in 
Appendix B. In addition, field blanks were analysed and blank correction was done 
for each field sample by subtracting field blanks.  
 
𝑅𝑒𝑐𝑜𝑣𝑎𝑟𝑦 (%) =
𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑑 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
𝑆𝑝𝑖𝑘𝑒𝑑 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
× 100                                                            Eq. 4.2 
 
𝑅𝑆𝐷 (%) =
s
x̅
× 100                                                                                                Eq. 4.3 
 
where, s is the standard deviation and x̅ is the mean of the concentrations of replicate 
samples 
 
 
Figure 4-8 Agilent 8800 Triple Quadrupole ICP/MS 
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4.3.7 Testing of hydrocarbons 
The Methods 3510C, 3630C, 8015D and 8270D (US EPA, 2008) were used for the 
analysis of hydrocarbons. The details of the procedure used are as follows. 
 
Sample preservation and storage 
Clean 500 mL glass bottles were used to store the samples after the sub sampling. 
The samples were preserved using 5mL of 1:1 reagent grade hydrochloric acid and 
refrigerated at 4 ºC. 
 
Hydrocarbon extraction (Method 3510C) and clean-up (Method 3630C) 
Hydrocarbon extraction was performed using liquid-liquid extraction method. A 250 
mL aliquot of sample was transferred into a separatory funnel and 60 mL of reagent 
grade hexane was added. The sample was mixed thoroughly for 2-3 min with 
periodic venting to remove excess pressure due to hexane vapour. The separatory 
funnel was then suspended on a burette stand for at least 10min to separate the 
organic layer. The organic layer was collected into a clean glass bottle and the 
sample was again transferred into the funnel. The procedure was repeated twice with 
two new 60 mL aliquots of hexane. Prior to adding the last aliquot of hexane, pH of 
the sample was adjusted for >11 by adding 10N sodium hydroxide. Three aliquots of 
hexane were then combined. The hydrocarbon extract of 180mL was concentrated to 
2 to 5 mL using a rotary evaporator.  
 
Sample clean-up was carried out for all the extracts in order to obtain the target 
compounds and to remove the potential interferences for the analysis. The glass 
chromatography column fitted with a Teflon stopper was used for the clean-up 
process. It was first filled with 5g of silica gel (230-400 mesh) and topped up with 5g 
of sodium sulphate (to adsorb the water in the extract). The carefully filled column 
was then deactivated using 10 mL of n-hexane and the elute was discarded. Then, 2 
mL to 5 mL of extract was added to the column and the elute was collected into a 
clean glass vial. Further elution was carried out with 10 mL of n-hexane and 
collected into the same glass vial and concentrated into 1 mL using a gentle stream of 
nitrogen. Finally, the extract was transferred to the GC micro vial and refrigerated 
until analysis. Figure 4-9 shows each of the sample preparation steps for hydrocarbon 
analysis.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
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Sample analysis 
The hydrocarbon analysis was conducted on a HP 6890 gas chromatography coupled 
with MS 5973 mass selective detector (Agilent technologies, Australia) (Figure 4-
10). DB-5MS Agilent capillary column with a length of 30m, an internal diameter of 
0.32mm and a film thickness of 0.25µm was used. The optimal temperature 
programme was developed to separate the target hydrocarbons using a calibration 
standard, internal standard and surrogate standard. The standards used were: 
 Calibration standard – FTRPH Calibration/ Window Defining standard 
(AccuStandard Inc), which included seventeen compounds listed in Table 
3-1. 
 Internal standard – Semivolatile internal standard mix (Supelco 
Analytical), which included six compounds, namely; Acenaphthene-d10, 
Chrysene-d12, Naphthalene-d8, Perylene-d12, Phenanthrene-d10 and 1,4 
Dichlorobenzene d4 
 Surrogate standard – n-Triacontane-d62 
 
To obtain a linear calibration curve, seven concentration levels, namely, 0.1 mg/L, 1 
mg/L, 2 mg/L, 5mg/L, 10mg/L, 20 mg/L and 50 mg/L were prepared from the 
calibration standard. In each prepared calibration concentration level, internal 
standard and surrogate standard concentrations were maintained as 5 mg/L and 10 
mg/L, respectively. Optimum separation of all the compounds was achieved under 
the instrument control conditions given below. 
 Injector temperature: 280 ºC 
 Pressure:   6.28 psi 
 Helium gas flow rate: 2.5 mL/min 
 Solvent delay:   3 min 
 Oven temperature programme: Table 4-3 
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Table 4-3 Temperature programme used in GC/MS 
Temperature ramp 
(C/min) 
Final 
temperature, ºC 
Hold time 
(min) 
30 100 0 
25 160 0 
20 220 0.5 
10 280 1 
6 300 15 
Total run time per sample= 36.23 min 
 
However, one of the targeted compound, octadecane (C18) (see Table 3-1) was not 
possible to quantify using the above temperature programme as retention time of 
octadecane and the internal standard compound, phenanthrene-d10 overlapped. 
Therefore, octadecane and phenanthrene-d10 were removed from the analysis. 
 
The precision of the method (percentage recovery) was determined by spiking the 
known concentration of calibration standard solutions prior to starting the extraction 
procedure. Similar to the metal analysis, the recovery was calculated using Eq. 4.2. 
The replicate samples were analysed in order to test the repeatability of the method. 
Percentage relative standard deviation (RSD) of concentrations of replicate samples 
was calculated using Eq. 4.3 given in Section 4.3.7. The method detection limits for 
each element was determined by analysing seven replicates of blank samples. 
Surrogate recovery percentage was also determined. The results of quality control 
and the quality assurance procedure are shown in Table B2 in Appendix B. 
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Figure 4-9 Sample preparation procedure for GC/MS analysis 
(a) liquid-liquid extraction (b) extract concentration using rotary evaporator (c) extract clean-up 
(d) extract concentration using nitrogen blow down technique 
 
 
Figure 4-10 HP 6890 gas chromatography coupled with MS 5973 mass selective detector 
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4.4 LABORATORY TESTING OF POTENTIAL POLLUTANT SOURCES 
The potential pollutant source samples were tested primarily for metals and 
hydrocarbons. 
 
4.4.1 Testing for metals 
Unlike in build-up and wash-off samples, it was necessary to process the potential 
pollutant source samples prior to preparation for analysis. Sample processing 
procedures used are tabulated in Table 4-4. Once the sample processing was 
accomplished, 0.5 g of each of the samples was transferred to a SC475 
polypropylene vessel in order to perform the nitric acid digestion. The hot block 
digester described in Section 4.3.7 was used for the digestion. Concentrated nitric 
acid of 2.5 mL volume was used and digested in the hot block digester for 30 min at 
95 ºC temperature. The sample was allowed to cool down and filtered to remove the 
particulate matter and finally the volume was made up to 50 mL by adding metal free 
water. Prepared samples were refrigerated until the instrumental analysis was 
performed.  
 
As described in Section 4.3.7, the prepared samples were analysed using ICP/MS. In 
this study, the analytical procedures for potential pollutant source samples were kept 
similar (where possible) to build-up and wash-off samples as it was essential to 
directly compare the analytical results. 
 
4.4.2 Testing for hydrocarbons 
Accelerated Solvent Extractor (ASETM350, Dionex Corporation, Sunnyvale, CA, 
USA) was used for the hydrocarbon extraction as it has the capability to extract 
hydrocarbons rapidly using less solvent compared to conventional soxhlet or 
ultrasonic extraction techniques (Figure 4-11).  ASE is an automated sequential 
solvent extraction system with a carousel that can hold up to 24 samples. The 
extraction process was carried out at elevated temperatures and pressure. Elevated 
temperature enhances the extraction of target compounds while the elevated pressure 
contributes to keep the solvent in a liquid state (Giergielewicz-Możajska et al., 
2001).  
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Among possible source samples, hydrocarbons in soil, tyre and asphalt samples were 
extracted using this method. Hydrocarbons in brake wear were extracted the same as 
build-up and wash-off samples as brake wear was in a liquid matrix (Table 4-4). 
 
Table 4-4 Potential source sample processing procedure 
Sample Preparation Procedure 
Soil  Soil sample was first dried inside a drying oven at 30º C instead of air drying 
in an open space in order to avoid contamination from the air. 
Tyre wear The tyre slices were frozen in liquid nitrogen and smashed into fragments. 
 
Brake wear The brake pads were washed with 1L of de-ionised water and 250 mL of 
aliquot was separated for metal analysis (preserved same as the build-up and 
wash-off samples – Section 4.3.6) 
Asphalt wear Representative sample from the asphalt mix was separated for metal analysis. 
Sample processing was not required. 
 
The representative samples of soil (~20 g), tyre wear (~1 g) and asphalt (~20 g) were 
weighed into a 33 mL ASE stainless steel cell and ASE prep-diatomaceous earth 
(this material will reduce the dead volume of the cell and absorb the water in the 
sample). Further, the samples were spiked with recovery standard (n-Triacontane-d62) 
in order to estimate the recovery percentages.  
 
The extraction conditions used in this study were as follows.  
 Temperature:  120 ºC 
 Solvent:   n-hexane 
 Pressure:   1500 psi 
 Static time:  5 min 
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 Rinse volume:  60% 
 Heat-up time:  6 min 
 Purge time:  100 s 
 No of extraction cycles: 2 
 
It should be noted that, the tyre and asphalt samples were preheated for 15 min in 
addition to the above conditions to enhance the extraction efficiencies. The sample 
extracts were then concentrated using a rotary evaporator and then silica gel/sodium 
sulphate clean-up was conducted as described in Section 4.3.8. Further concentration 
was performed using a gentle stream of nitrogen and the extracts were stored in the 
refrigerator until the instrument analysis was performed. 
 
The method developed and the quality control procedures adopted for the analysis of 
build-up and wash-off samples were also used for the analysis of potential pollutant 
source samples. 
 
 
Figure 4-11 Accelerated Solvent Extractor (Dionex ASETM350) 
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4.5 SUMMARY 
To investigate the pollutant build-up and wash-off processes on road surfaces, a 
series of field sampling was conducted in the Gold Coast, Australia. Sixteen different 
road sites from the Gold Coast region were selected to collect build-up samples. The 
selected sites were situated in four suburbs with different land use, namely, 
commercial, industrial and residential.  
Laboratory testing procedures adopted in this study to investigate the physical and 
chemical signatures of pollutant build-up, wash-off and potential pollutant sources 
have been described in detail. Primary pollutant signatures investigated in pollutant 
build-up and wash-off were total solids, particle size distribution, organic matter, 
metals and hydrocarbons while metals and hydrocarbons were investigated in 
potential pollutant source samples. Quality control and assurance methods 
implemented are also described in this chapter. 
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 Physicochemical Signatures of Chapter 5:
Pollutant Build-up and Wash-off 
and Potential Sources 
5.1 BACKGROUND 
Physicochemical signatures of road deposited pollutants and pollutants in stormwater 
runoff can vary widely with a range of site specific traffic and land use conditions 
(Liu, et al., 2011). In this context, understanding the physicochemical signatures of 
pollutants in both, build-up and wash-off from road surfaces is required prior to 
characterising the sources of pollutants. A set of pollutant build-up and wash-off 
samples were collected and tested for their physicochemical signatures following the 
standard methods described in Chapter 4.   
 
In this chapter, the preliminary trends in the field data were investigated. Firstly, 
variability of physicochemical signatures of pollutant build-up was assessed with 
respect to influential parameters such as antecedent dry days, land use characteristics 
(commercial, industrial and residential) and particle size. Secondly, variability of 
pollutant wash-off is discussed with respect to rainfall intensity and duration (wash-
off volume) and land use characteristics. The discussion is further extended to 
identify the signatures of potential contributing sources of pollutants, such as 
roadside soil, tyre, brake dust and asphalt. 
 
5.2 POLLUTANT BUILD-UP 
5.2.1 Total solids 
The build-up investigation was primarily designed to collect a diverse set of samples 
in terms of pollutant constituents, source mix, and loads. This was done by careful 
selection of sites and sampling episodes. Therefore, it was critical to understand the 
general trends in pollutant signatures of the collected build-up samples. Table 5-1 
shows the solids load in build-up samples collected (in g per m
2
 of road surface) for 
each study site for the two sampling episodes. The number of antecedent dry days 
and the depth of the last rainfall received corresponding to each sampling episode are 
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also shown in Table 5-1. The build-up samples were collected during September 
2013 to July 2014 period. 
 
Table 5-1 Solids build-up load for each road surface 
Suburb  Site name 
Land use 
type  
Sample 
ID 
Solid build-up 
load (g/m
2
) 
Antecedent 
dry days 
Last rainfall 
(mm) 
S
u
rf
er
s 
P
ar
ad
is
e
 
Hobgen Street Commercial  
C 1i 1.83 4 0.4 
C 1ii 0.87 18 32.4 
St Paul’s Place Commercial  
C 2i 1.75 4 0.4 
C 2ii 1.2 18 32.4 
Thornton Street Commercial  
C 3i 7.95 4 0.4 
C 3ii 5.15 18 32.4 
Via Roma Drive Commercial  
C 4i 0.89 4 0.4 
C 4ii 0.53 18 32.4 
N
er
an
g
 
Hilldon Court Industrial 
I 1i 0.6 5 1.2 
I 1ii 0.45 11 13.4 
Lawrence Drive Industrial 
I 2i 1.28 5 1.2 
I 2ii 0.59 11 13.4 
Patrick Road Industrial 
I 3i 2.42 5 1.2 
I 3ii 11.32 11 13.4 
Steven Street Industrial 
I 4i 2.71 5 1.2 
I 4ii 1.17 11 13.4 
B
en
o
w
a 
De Haviland 
Avenue 
Residential 
M 1i 2.41 4 0.4 
M 1ii 0.59 18 32.4 
Mediterranean 
Drive 
Commercial  
M 2i 0.94 4 0.4 
M 2ii 0.5 18 32.4 
Strathaird Road Commercial  
M 3i 7.35 4 0.4 
M 3ii 1.29 18 32.4 
Village High 
Road 
Residential 
M 4i 0.43 4 0.4 
M 4ii 0.46 18 32.4 
C
le
ar
v
ie
w
 E
st
at
e
 
Carine Court Residential 
R 1i 0.42 5 1.2 
R 1ii 0.82 11 13.4 
Merloo Drive Residential 
R 2i 0.14 5 1.2 
R 2ii 0.67 11 13.4 
Winchester 
Drive 
Residential 
R 3i 0.6 5 1.2 
R 3ii 1.42 11 13.4 
Yarrimbah Drive Residential 
R 4i 0.45 5 1.2 
R 4ii 0.38 11 13.4 
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It can be noted from Table 5-1 that the solids build-up loads are ranging from 0.14-
11.32 g/m
2
 for both sampling episodes. It can be observed in some cases that 
increase in build-up load with increasing ADDs, which is a commonly accepted 
phenomenon (Sartor, et al., 1974), particularly in Clearview Estate. However, there 
are some road sites which reported a low build-up load with high ADDs. 
Interestingly, the reported rainfall depth at those sites at high ADDs were also 
comparatively larger than that for low ADDs. This suggests that the pre-existing 
solids load that is influenced by the previous rainfall received is an influential factor 
for the presence of solids build-up on a road surface.  
 
It can be seen that a comparatively low solids load was found in the build-up samples 
collected from Clearview Estate (Table 5-1). The highest solids load was collected 
from Patrick Road in Nerang for 11 antecedent dry days. The mean and standard 
deviation of the solids load in Surfers Paradise, Benowa, Nerang and Clearview 
Estate were (2.52±2.63), (1.74±2.36), (2.57±3.64) and (0.61±0.38), respectively. 
Considering the mean solids loads observed, road surfaces in Nerang, Surfers 
Paradise, Benowa and Clearview Estate can be ranked as receptors of highest to 
lowest solids loads.  
 
Based on the criteria adopted in site selection, each suburb represents different land 
use types and soil characteristics, while sites within each land use show differences 
in traffic and other site specific characteristics (see Table 4-1). Therefore, it can be 
argued that the differences in solids loads could be primarily attributed to differences 
in land use activities and soil characteristics. To test this hypothesis, a One-way 
ANOVA test was performed for the data set given in Table 5-1. The test was 
performed using SPSS 21.0 software (SPSS, 2012b). The one-way ANOVA can be 
undertaken based on three assumptions as described in Section 3.3.4(b). The test 
assumptions were: 
1. no outliers in the data set 
2. data set is approximately normally distributed in each group 
3. data set is homogeneous. 
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Prior to undertaking the analysis, the validity of the assumptions was tested. It was 
found that the assumptions (1) and (2) were violated for this data set. The data set 
was found to have four outliers and it was not normally distributed. However, the 
sensitivity of the test results to the four outliers was negligible. Lix et al. (1996) 
noted that undertaking one-way ANOVA regardless of normality is fairly robust if 
the sample size in each group is equal. In this study, the number of samples in each 
suburb (group) is equal to 8 (Table 5-1). Therefore, it was considered that this data 
set can provide robust outcomes for the one-way ANOVA test. Assumption (3) was 
satisfied for this data set. There was homogeneity of variances as assessed by 
Levene’s test of homogeneity of variances (p = 0.12). Further details of Levene’s test 
can be found in SPSS (2012a). 
 
The test results for the One-way ANOVA test are shown in Table 5-2. As the 
significance level, p = 0.393 (> 0.05), it can be concluded that the differences in 
solids build-up on road surfaces between the four suburbs is not statistically 
significant. Accordingly, it confirms that land use type is not a key influential factor 
for solids build-up on road surfaces. This in turn, emphasises the fact that traffic and 
site specific characteristics are influential in solids build-up on road surfaces. This 
site specific nature of solids build-up has been noted by many researchers, such as 
Herngren, et al. (2006), Liu, et al. (2011) and Vaze and Chiew (2002), and it can be 
attributed to the variability of contributions from different sources to road build-up at 
a particular site.  
 
Table 5-2 One-way ANOVA test results 
Source of variation 
Sum of 
squares 
Degree of 
freedom 
Mean 
squares 
F- test 
 
Significance  
Between groups 20.056 3 6.685 
1.034 0.393 
Within groups 181.094 28 6.468 
 
Additionally, these study results were compared with a few recent research studies to 
reconfirm the identified patterns of solid build-up. The study results of Gunawardana 
(2011) indicated that the solids build-up for different ADDs ranges from 0.36-28.8 
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g/m
2
. This range of solids build-up load was low compared to this study. It could be 
attributed to differences in rainfall and climate conditions immediately before the 
sample collection episodes. Another study conducted by Herngren (2005) in the Gold 
Coast area, reported that 0.8-5 g/m
2
 of build-up load for fewer than seven dry days 
yielded comparatively similar observations to the results of this study. However, 
Herngren (2005) did not study build-up for longer dry periods.    
 
5.2.2 Particle size distribution (PSD) 
Investigation of the physical signatures of road surface build-up in the form of 
particle size distribution (PSD) is essential in order to understand the chemical 
signatures of build-up. This stems from the fact that pollutants affinity to build-up 
solids particles depends significantly on their size (Bi et al., 2013). PSD analysis 
results are presented in Figure 5-1 in the form of average cumulative volumetric 
percentages for different suburbs. Figure 5-1(a) represents the samples collected in 
different suburbs for <7 antecedent dry days and Figure 5-1(b) represents the 
samples collected at >7 antecedent dry days.  
 
As seen in Figure 5-1(a), particle size distribution of build-up on road surfaces in 
Nerang (industrial land use) and Clearview Estate (residential land use) is relatively 
coarser than the build-up in other suburbs. In Nerang suburb, this could be due to the 
presence of industries such as ready mix concrete plants. In Clearview Estate, high 
vegetation inputs from residential road sites and low traffic activities, which cause 
fewer changes in particle abrasion and redistribution could be reasons. Sites within 
Surfers Paradise and Benowa suburbs are subjected to frequent changes in vehicular 
traffic activities. Hence, the finer fraction is high in Surface Paradise and Benowa 
suburbs.  
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Figure 5-1 Volumetric particle size distribution of the road build-up in different suburbs (a) for < 
7ADDs (b) > ADDs  
 
Influence of antecedent dry days on particle size distribution was also examined. As 
seen in Figure 5-1(b), with the increase in antecedent dry days, the percentage of 
coarse particles shows an increasing trend in sites in Surfers Paradise and Benowa. It 
is common knowledge that fine particles redistribute and move away due to 
vehicular generated turbulence while coarse particles are deposited on road surfaces 
during longer antecedent dry conditions. The opposite behaviour can be seen in sites 
in the Nerang suburb. The possible explanations for this behaviour are the particle 
size changes caused by the heavy duty vehicle movements in Nerang industrial area. 
Size distribution of build-up solids in Clearview Estate road sites shows a relatively 
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low variation with the antecedent dry periods. This could again be due to low 
variability of traffic activities within the residential sites. 
 
In general, it can be seen that over 60% of the particles in build-up have sizes less 
than 150µm in each of the samples, regardless of the length of the antecedent dry 
period (Figure 5-2). This is in good agreement with past studies. For example, the 
study conducted by Gunawardana (2011) reported that 70% of the particles are less 
than 150µm. Similar results were also obtained by Herngren (2005) and Miguntanna 
(2009) in studies conducted in the same region.  
 
 
Figure 5-2 Volumetric particle size distribution of solid build-up (on average) 
 
5.2.3 Organic matter content (OM) 
The organic matter content (OM) plays a key role in the adsorption of pollutants to 
solids (Al-Chalabi and Hawker, 1996; Gunawardana, et al., 2011). Therefore, 
understanding the distribution of OM in road build-up is important in order to 
describe the chemical composition of other pollutants such as metals and 
hydrocarbons. In this study, OM was investigated for five different particle size 
ranges (>425 µm, 300-425 µm, 150-300 µm, 75-150 µm and <75 µm) of the 
collected build-up samples as described in Section 4.3.5. The results were recorded 
as the percentage OM to the initial weight of the road build-up sample.   
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Table 5-3 and Table 5-4 show the average percentages of OM in solids in build-up 
samples collected in different suburbs for ADDs <7 and >7, respectively. It was in 
the range of 22% to 47% when the ADDs were less than seven days while it was 
34%-50% when the ADDs were greater than seven days. Variation of OM in both 
sampling episodes could be attributed to differences in site characteristics at each 
study site. For example, in both sampling episodes, the highest percentage of OM 
was in residential sites which could be attributed to the presence of a high amount of 
vegetation compared to other areas. At the same time, with the increase in antecedent 
dry days, the increase of OM in build-up could also be attributed to the accumulation 
of organic matter such as plant debris in the road build-up. 
 
As shown in Table 5-3 and Table 5-4, particles greater than 425 µm shows a 
considerable increase in the percentage OM with the increase in antecedent dry days. 
This could be due to the accumulation of organic inputs (such as plant debris) with 
high particle size. In addition, the increase in percentage OM in the finer fraction 
(<150 µm) of solids can also be noted. This can be attributed to the abrasion of low 
strength plant debris due to vehicle movement over time.  
 
Table 5-3 Average percentage OM in build-up solid in each suburb (< 7 ADDs) 
Particle size 
fraction (µm) 
Percentage of OM (± Standard Deviation) 
Surfers Paradise Nerang Benowa Clearview Estate 
>425 4.43 (± 5.34) 1.54 (± 0.55) 7.16 (± 4.46) 3.61 (± 4.45) 
425-300 4.39 (± 4.65) 2.13 (± 0.67) 4.29 (± 2.21) 4.19 (± 0.88) 
300-150 7.91 (± 4.29) 3.99 (± 1.16) 11.08 (± 1.88) 6.71 (± 2.47) 
150-75 9.71 (± 4.04) 5.84 (± 2.78) 10.89 (± 0.84) 8.98 (± 3.37) 
<75 8.10 (± 2.37) 9.17 (± 3.61) 6.05 (± 2.86) 11.81 (± 2.77) 
Total 
percentage of 
OM 
34.55 22.66 37.95 46.81 
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Table 5-4 Average percentage OM in build-up in each suburb (> 7 ADDs) 
Particle size 
fraction (µm) 
Percentage of OM (± SD) 
Surfers Paradise Nerang Benowa 
Clearview 
Estate 
>425 11.18 (± 7.79) 4.13 (±2.83) 8.18 (± 11.23) 11.66 (± 6.53) 
425-300 5.41(± 3.11) 5.04 (± 4.99) 4.67 (± 2.32) 5.76 (± 6.53) 
300-150 8.88 (± 5.19) 5.25 (± 5.48) 3.85 (± 1.92) 9.95 (± 6.60) 
150-75 5.64 (± 1.49) 10.33 (± 7.47) 5.70 (± 2.78) 11.93 (± 6.73) 
<75 11.65 (± 3.54) 9.50 (± 6.78) 13.49 (± 4.79) 10.39 (± 9.28) 
Total 
percentage of 
OM 
42.76 34.25 35.90 49.69 
 
A study conducted in UK by Xie et al. (2000) noted the percentage OM to be in the 
range of 1% to 10.1% in road build-up samples. The measured percentage OM in the 
study by Fergusson and Ryan (1984) was 3.5 to 18.3% for road build-up samples 
from cities in USA, Canada, New Zealand and Jamaica. However, the results of this 
study do not fall within the ranges of the results of the above two studies. This could 
be primarily due to differences in the surrounding environment.  
 
5.2.4  Metal build-up on road surfaces 
The metal build-up on road surfaces were determined based on the method described 
in Section 4.3.7. The metal build-up loads are represented in the form of mg per m
2
 
of road surface and the concentrations of the metals are given in mg per g of solids 
build-up on the road surface.  
 
Variability of metal build-up among different suburbs 
A preliminary analysis was conducted to understand the behaviour of metal build-up 
on roads in different suburbs regardless of antecedent dry periods and the results are 
shown in Table 5-5. In Table 5-5, it can be seen that most dominant metals on road 
surfaces are Na, Mg, Al, K, Ca and Fe. It is commonly known that these metals are 
found in soil (Mostert, et al., 2010). Therefore, it is not unusual to find these metals 
in abundance as a major fraction of road build-up and could be originating from soil 
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from adjacent land (Gunawardana, 2011). However, as shown in Table 5-5, metal 
loading was different from one suburb to another. In particular, build-up in Surfers 
Paradise sites represents comparatively high average metal loading for Na, Mg, Al, 
K, Ca and Fe. As shown in Figure 4-1, Chapter 4, sites in Surfers Paradise are 
located close to (within 1.5 km distance of) the coast line. Therefore, there is a 
possibility of the presence of sea salts and associated metals such as Na, Ca and K in 
road build-up. 
 
Table 5-5 Average metal loading (mg/m
2
) in build-up in different suburbs 
Metal 
Surfers Paradise Nerang Benowa Clearview Estate 
Average metal loading (± Standard deviation) (mg/m2) 
Li 0.0315 (± 0.0527) 0.0227 (± 0.0256) 0.0217 (± 0.0369) 0.0032 (± 0.0016) 
Na 23.7302 (± 28.8214) 7.3834 (± 5.5097) 9.1824 (± 7.214) 2.8306 (± 1.592) 
Mg 21.8264 (± 26.115) 13.2217 (± 11.5752) 15.9998 (± 24.3208) 2.8147 (± 1.0645) 
Al 39.4816 (± 45.2724) 31.6925 (± 27.5795) 32.2154 (± 45.031) 7.2252 (± 2.3032) 
K 14.0185 (± 11.6247) 9.8949 (± 5.6674) 9.0631 (± 5.9479) 3.3337 (± 1.9585) 
Ca 118.0371 (± 144.8897) 69.8325 (± 46.4019) 59.9933 (± 71.0154) 11.4291 (± 4.4693) 
Ti 0.9805 (± 0.8089) 1.7165 (± 1.6249) 1.2843 (± 1.9494) 0.2242 (± 0.0736) 
V 0.0878 (± 0.1056) 0.0585 (± 0.0472) 0.0754 (± 0.1128) 0.0161 (± 0.0057) 
Cr  0.0861 (± 0.1136) 0.081 (± 0.07) 0.0906 (± 0.1482) 0.0157 (± 0.0046) 
Mn 1.6841 (± 1.9787) 1.3764 (± 1.2002) 1.2544 (± 1.8029) 0.3557 (± 0.1364) 
Fe  65.8006 (± 81.2706) 63.6777 (± 59.377) 63.972 (± 103.7979) 16.4375 (± 11.5503) 
Co 0.0537 (± 0.0761) 0.0306 (± 0.0272) 0.0328 (± 0.0464) 0.006 (± 0.0025) 
Ni 0.0852 (± 0.12) 0.0814 (± 0.0711) 0.0983 (± 0.1611) 0.0113 (± 0.0041) 
Cu 1.6882 (± 1.5818) 1.2029 (± 0.6565) 1.8295 (± 2.4982) 0.3208 (± 0.1443) 
Zn 4.6823 (± 5.5381) 4.2899 (± 3.1287) 5.446 (± 8.8373) 0.5498 (± 0.1513) 
Mo 0.0089 (± 0.0113) 0.009 (± 0.0028) 0.0099 (± 0.0154) 0.0022 (± 0.0019) 
Rh 0.0011 (± 0.0002) 0.0012 (± 0.0003) 0.0009 (± 0.0002) 0.0013 (± 0.0003) 
Pd 0.0054 (± 0.0009) 0.0061 (± 0.0013) 0.0047 (± 0.0009) 0.0063 (± 0.0013) 
Cd 0.0041 (± 0.0048) 0.0045 (± 0.0048) 0.0042 (± 0.0034) 0.0016 (± 0.0001) 
Sn 0.0249 (± 0.0129) 0.0186 (± 0.015) 0.0244 (± 0.029) 0.0078 (± 0.0051) 
Sb 0.0198 (± 0.0267) 0.0117 (± 0.0057) 0.0217 (± 0.0313) 0.0038 (± 0.001) 
Ba 1.0401 (± 1.2282) 0.9052 (± 0.7212) 1.2536 (± 2.1478) 0.4127 (± 0.7407) 
Pt 0.0011 (± 0.0002) 0.0012 (± 0.0003) 0.0009 (± 0.0002) 0.0013 (± 0.0003) 
Pb 0.689 (± 1.0989) 0.3761 (± 0.3069) 0.451 (± 0.4873) 0.132 (± 0.2189) 
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Moderate levels of loading can be seen for metals analysed across the sampling sites 
except for Na, Mg, Al, K, Ca and Fe (See Table 5-5). The highest average metal 
loading of Ti, V, Cr, Co, Ni, Cu, Zn, Mo, Cd, Sn, Sb, Ba and Pb were observed in 
Surfers Paradise, Benowa and Nerang compared to the Clearview Estate residential 
sites. It can be argued that the presence of comparatively high solids load on road 
surfaces in Surfers Paradise, Benowa and Nerang (Section 5.2.1) would result in high 
loading of metals. In addition, the amount of metal released into the environment can 
be higher in Surfers Paradise, Benowa and Nerang suburbs than Clearview Estate 
due to land use specific activities (high traffic, industrial and commercial activities). 
It could be reflected in the measured metal concentrations (mg/g) if the rate of 
release of metals is different between suburbs.  
 
To evaluate this hypothesis, the metal concentrations (mg/g) were examined. The 
data is given in Table C1, Appendix C. It can be seen that among Ti, V, Cr, Co, Ni, 
Cu, Zn, Mo, Cd, Sn, Sb, Ba and Pb, the average concentrations are higher in Surfers 
Paradise, Benowa and Nerang compared to Clearview Estate except for Pb and Mo. 
These metals are mainly released to the environment via traffic related sources 
(Adachi and Tainosho, 2004) and industrial activities (in Nerang). Therefore, high 
concentrations of these metals can be expected as there are high vehicular traffic 
activities and heavy duty vehicular traffic activities in sites within Surfers Paradise, 
Benowa and Nerang. 
 
As evident in Table 5-5, the lowest metal loading was reported for Rh, Pd and Pt in 
all suburbs. Rh, Pd and Pt are generally products released from catalytic converters 
of vehicles (Palacios et al., 2000). Palacios, et al. (2000) have noted that the release 
of Rh, Pd and Pt depends highly on the type and age of the catalytic converters. They 
further noted that the variability in the concentrations of Rh and Pd released from 
fresh catalytic converters is higher than that from aged products. The presence of 
these metals is justifiable as vehicular activities are common in all suburbs.  
 
Statistical significance of the above observations needed to be investigated to test the 
influential role of land use specific activities such as industrial and commercial 
activities on metal accumulation. In this regard, One-way ANOVA was conducted 
for the metal data set (mg/m
2
) same as in Section 5.2.1.The One-way ANOVA was 
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carried out for individual metal elements separately. This was to test the statistical 
significance of the data set observed in different suburbs. 
 
Similar to the analysis undertaken for the total solids data set, key assumptions 
relating to ANOVA were tested prior to the analysis.  Outliers were identified in each 
of the data sets. However, the sensitivity to the outliers to the final one-way ANOVA 
results was negligible. The normality of the data sets was disregarded as the sample 
size in different groups (suburbs) are similar (Lix, et al., 1996). The data sets were 
also examined for homogeneity of variances. The elements such as Al, Cr, Mn, Fe, 
Cu, Cd, Sn and Ba satisfied the assumption of homogeneity of variances out of 24 
metals. For the cases where the homogeneity of variances were violated, Welch 
ANOVA test results were used instead of standard One-way ANOVA test results 
(Laerd, 2013). Welch ANOVA is the modified version of the standard One-way 
ANOVA. Similar to the standard One-way ANOVA, p<0.05 in Welch ANOVA is 
considered as statistically significant and hence there is a difference in groups means 
(Laerd, 2013).  
 
Test results of the standard one-way ANOVA and Welch ANOVA are given in Table 
C2, Appendix C. As evident in Table C2, Appendix C, significance level, p is greater 
than 0.05 for metals Li, Al, V, Cr, Mn, Fe, Cu, Cd, Sn, Ba and Pb indicating that 
there were no significant differences in metal loads among different suburbs. In 
contrast, loading of Na, Mg, K, Ca, Ti, Co, Ni, Zn, Mo, Rh, Pd, Sb and Pt indicates 
significant difference among suburbs. As noted above, there is a possibility of the 
influence of sea salt on metals build-up for Na, Mg, K and Ca as these metals were 
significantly different among suburbs. Therefore, distance from the coastline could 
be a factor that influences the metal loadings on roads. Similarly, the differences in 
concentrations of other metals among different suburbs could be due to the influence 
of contributing sources of pollutants. However, it is difficult to derive firm 
conclusions prior to identifying exact sources of metals. 
 
Moreover, this study’s results were compared with two recent studies conducted in 
the same region (Gold Coast, Australia) as shown in Table 5-6.  As evident in Table 
5-6, loading of Cr, Ni and Cd on road surfaces have similar loading ranges as 
Gunawardena (2012)and Gunawardana (2011), whereas elevated loading of Mn, Cu, 
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Zn and Pb was reported in this study. Dissimilarities can be attributed to 
environmental conditions at the sampling time and differences in antecedent dry days 
prior to sample collection in different studies. The other elements analysed in this 
study were not reported in the previous studies. 
 
Table 5-6 Comparison of metal loading with past studies 
Element 
 Gunawardena 
(2012) 
 Gunawardana 
(2011) 
This study  
Min Max Min Max Min Max 
(mg/m
2
) (mg/m
2
) (mg/m
2
) (mg/m
2
) (mg/m
2
) (mg/m
2
) 
Cr <0.001 0.195 0.394 0.478 0.008 0.447 
Mn 0.035 0.482 0.037 3.661 0.142 6.144 
Ni <0.001 0.491 0.001 0.32 0.005 0.470 
Cu 0.75 2.448 0.024 1.719 0.169 7.871 
Zn 1.066 3.513 0.049 8.436 0.355 26.765 
Cd <0.001 0.003 <0.001 0.021 0.001 0.015 
Pb <0.001 0.195 <0.001 1.912 0.033 3.231 
 
Variability of metal build-up with antecedent dry periods 
Preliminary analysis was extended to understand the behaviour of metal build-up 
with respect to antecedent dry periods. Particularly, this was to investigate the 
difference between metal build-up and solids build-up with varying antecedent dry 
periods. For this purpose, the total metal loading in each road site for the two 
different dry periods were calculated separately. The ratio between the total metal 
loading relating to the antecedent dry period more than seven days and the fewer 
than seven days were then determined as shown in Eq. 5.1. The ratio presented in Eq. 
5.1 is biased towards the metal elements present in abundance. However, it provides 
an overall assessment of the variability of metal loading between sites without 
undertaking extensive comparison based on individual metal elements.  
 
𝑀𝑒𝑡𝑎𝑙 𝑟𝑎𝑡𝑖𝑜 =
∑ 𝐿𝑜𝑎𝑑𝑖𝑛𝑔 𝑜𝑓 𝑒𝑎𝑐ℎ 𝑚𝑒𝑡𝑎𝑙 𝑎𝑡 𝐴𝐷𝐷𝑠>7𝑑𝑎𝑦𝑠(
𝑚𝑔
𝑚2
)
∑  𝐿𝑜𝑎𝑑𝑖𝑛𝑔 𝑜𝑓 𝑒𝑎𝑐ℎ 𝑚𝑒𝑡𝑎𝑙 𝑎𝑡 𝐴𝐷𝐷𝑠 <7𝑑𝑎𝑦𝑠 (
𝑚𝑔
𝑚2
)
                                                    Eq. 5.1 
 
The results are shown in Figure 5-3 with the solids build-up ratio related to 
antecedent dry period more than seven days and fewer than seven days. As evident in 
Figure 5-3, total metal loading ratio follows the solids build-up ratio except in I3 
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(Patrick Road) and R2 (Merloo Drive). Ball, et al. (1998) mathematically represented 
solids build-up on road surfaces by using a power function of antecedent dry days. 
Metal build-up process was also represented by the power function of antecedent dry 
days by Egodawatta, et al. (2013). This indicates that solids build-up and metal 
build-up follows the same behaviour with antecedent dry days, indicating 
consistency with this study results. 
 
In C2 and C3 roads in Surfers Paradise there was a slight increment of metal loading 
ratio than the solids build-up ratio, which is attributed to the increase in 
concentrations (mg of metal in a g of build-up) with the antecedent dry days. The 
increase in concentration could be attributed to the increase in the release of metals 
to the environment via the different sources. In contrast, there are some sites, 
specially, I3, R1, R2 and R3, which show high solids build-up ratio with 
comparatively low metal loading ratio. Even though the solids were accumulated, the 
associated metals were less in quantity on these roads. This could be possible due to 
the deposition of solids of organic nature particularly at residential sites at Clearview 
Estate. 
 
Figure 5-3 Comparison of metal and solids build-up on road surfaces based on antecedent dry periods 
 
Variability of metal build-up in different particle size ranges  
The analysis was further extended to observe the behaviour of metal concentrations 
in different particle size fractions. This was to investigate the relative importance of 
different particle size fractions in accumulating metals and to examine the 
consistency of study results with past studies. The laboratory test results obtained for 
the metal concentrations (mg/g) in five different particle size fractions, namely >425 
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µm, 300-425 µm, 150-300 µm, 75-150 µm and <75 µm, are given in Table C3, 
Appendix C. The results revealed that the metal concentrations (except Ca and Pb) in 
the finest particle size fraction (<75 µm) were high compared to the other fractions, 
irrespective to the land use type. This observation is justifiable as the particles in this 
size fraction have high adsorption capacity for metals due to high surface to mass 
ratio and metals released from land use related activities can also be in small size 
fractions. The results were also in good agreement with past studies conducted in the 
same area of research confirming the consistency of the results of this study (Bi, et 
al., 2013; Gunawardana, 2011; Herngren, et al., 2006).  
 
The percentage of total average metal concentrations related to the different particle 
size fractions in each land use are shown in Figure 5-4. As seen in Figure 5-4, 35-
50%, 14-20%, 13-19%, 6-11% and 12-25% of total metals were observed in <75 µm, 
75-150 µm, 150-300 µm, 300-425 µm and >425 µm particle fractions respectively. 
Figure 5-4 again confirms that the highest percentage of metals is adhered to the 
finest fraction. However, it should be noted that the coarser fraction also bears a 
significant percentage of metals (11-24%) in the road build-up, especially, in Surfers 
Paradise and Benowa sites. There was a great influence from the presence of a high 
level of Ca in these two suburbs in the coarser fraction (Table C3, Appendix C) to 
have a significantly high percentage of total metal loading. As noted before, the 
presence of high level of Ca in Surfers Paradise and Benowa sites was possible 
because the sites are close to the coast line. In past studies, the importance of the 
coarser particle size fraction has not been generally highlighted as the trace metal 
elements are commonly the point of interest.  
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Figure 5-4 Percentage of total average metal concentrations in different particle size fractions in 
different suburbs 
 
5.2.5 Hydrocarbons build-up on road surfaces 
Hydrocarbons build-up on road surfaces were determined based on the method 
described in Section 4.3.8. In this section, test results of the hydrocarbons in build-up 
solids are presented in the form of load in µg per m
2
 of road surface and the 
concentrations in the form of µg per g of solids build-up on the road surface. 
 
Variability of hydrocarbon build-up among different suburbs 
Table 5-7 shows the average loading of individual hydrocarbon compounds and their 
frequency of detection in the build-up samples collected in each suburb. Frequency 
of detection is presented since certain elements were not detected in some sites 
during testing. The highest number of detection is eight, since samples were 
collected from four road sites per suburb in two sampling episodes. Average loading 
and standard deviation of individual compound were calculated neglecting the 
undetected samples.  
 
As seen in Table 5-7, the distribution of the hydrocarbons among suburbs is of a 
random nature. However, it indicates that the majority of the compounds are 
abundance in build-up in the commercial sites. The low molecular weight 
compounds with carbon numbers ranging from C8 to C16 were found to be less 
frequently detected (maximum of 62% detection) in Nerang sites whereas almost all 
the compounds were detected in Surfers Paradise sites. It is known that compounds 
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C8 to C16 can have a fuel origin. Once fuel is deposited and exposed to the 
environment, weathering occurs via evaporation or oxidation, reducing the 
possibility of detection of low molecular weight compounds. However, it is difficult 
to draw conclusions regarding detection patterns with respect to different suburbs.  
 
Table 5-7 Average hydrocarbon loading (µg/m
2
) in build-up in roads in different suburbs 
C
o
m
p
o
u
n
d
  
Surfers Paradise Nerang Benowa Clearview Estate 
Average ± SDa 
F
O
D
b
 
Average ± 
SDa F
O
D
b
 
Average ± 
SDa F
O
D
b
 
Average ± SDa 
F
O
D
b
 
C8 504.2 ± 650 7 1.3 ± - 1 136.9 ± 148.6 3 93.5 ± 135.7 4 
C10 12.9 ± 18.7 8 14.7 ± 15.3 3 6.6 ± 6.5 5 7.4 ± 6.1 6 
C12 47.6 ± 42.3 7 91.2 ± 82.4 5 72.8 ± 117.1 5 32.8 ± 25.3 8 
C14 166.5 ± 141.1 7 171.1 ± 170.9 5 169 ± 228.5 6 79.2 ± 72.7 8 
C16 255.2 ± 237.7 7 200.4 ± 210.9 5 156.5 ± 257.2 8 112.7 ± 113.5 8 
C20 232.4 ± 350.1 7 103.9 ± 85.5 7 79.3 ± 134.3 7 102.5 ± 94.9 8 
C22 203.9 ± 349.5 7 92.9 ± 71.5 7 48.8 ± 77.4 7 103 ± 99.3 8 
C24 144.5 ± 276.8 8 67.6 ± 60.6 8 33.2 ± 43.9 8 84.7 ± 80.1 8 
C26 105.2 ± 187.6 8 52.9 ± 43.9 8 25.4 ± 22.3 7 59.2 ± 57.1 8 
C28 84.6 ± 142.9 8 42.3 ± 25.8 7 26.3 ± 23 7 44.7 ± 48.2 8 
C30 63.5 ± 107.2 8 33.5 ± 18.7 7 20.1 ± 21.1 7 35.2 ± 33.1 7 
C32 45.4 ± 71.1 8 24 ± 14 7 18.3 ± 23.1 8 23.7 ± 25.6 8 
C34 547.1 ± 420.3 7 509.5 ± 861.9 7 
1208.3 ± 
1171 
7 385.6 ± 716.8 7 
C36 20.7 ± 22.7 8 32.4 ± 35.8 5 11.8 ± 9.9 6 29.4 ± 19.6 5 
C38 17.4 ± 11.2 8 29 ± 41 7 18.4 ± 17.9 7 30.1 ± 30.8 5 
C40 25.3 ± 16.2 7 33.6 ± 15.2 7 22.8 ± 14.9 7 34.4 ± 12.8 6 
      a: Standard Deviation, b: Frequency of Detection (out of 8 samples) 
 
According to Table 5-7, there is a substantial deviation in hydrocarbons loading even 
within a suburb similar to the variation identified in metal build-up analysis. This 
means that the loading is varying from one site to another and the comparison of data 
based solely on land use can result in misleading conclusions. This information 
supports the hypothesis that the pollutant composition is influenced by the 
contributing source mix rather than the land use. This hypothesis was tested by 
examining the statistical significance of differences of the hydrocarbon loading 
between suburbs, similar to the analysis undertaken for metals as discussed in 
Section 5.2.4. For this purpose, One-way ANOVA test was conducted for the data set 
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consisting of 32 samples with the total hydrocarbon loadings (summation of 
individual hydrocarbon compounds in a sample). There was no statistically 
significant difference in hydrocarbon loading between suburbs as significant level (p) 
was 0.555. This again confirms the site specific nature of pollutant accumulation 
rather than the influence of land use activities in different suburbs. 
 
Variability of hydrocarbon build-up with antecedent dry periods 
Similar to metal analysis, the behaviour of hydrocarbon build-up with the antecedent 
dry periods were then examined. The ratio between the total hydrocarbon loadings 
for greater than seven antecedent dry days and the less than seven antecedent dry 
days were determined using Eq.5.2. The results are shown in Figure 5-5 together 
with the solids build-up and metal ratios calculated in Section 5.2.4. 
 
𝐻𝑦𝑑𝑟𝑜𝑐𝑎𝑟𝑏𝑜𝑛 𝑟𝑎𝑡𝑖𝑜 =
∑  𝐿𝑜𝑎𝑑𝑖𝑛𝑔 𝑜𝑓 𝑒𝑎𝑐ℎ ℎ𝑦𝑑𝑟𝑜𝑐𝑎𝑟𝑏𝑜𝑛  𝑎𝑡 𝐴𝐷𝐷𝑠>7𝑑𝑎𝑦𝑠 (
µ𝑔
𝑚2
)
∑  𝐿𝑜𝑎𝑑𝑖𝑛𝑔 𝑜𝑓 𝑒𝑎𝑐ℎ ℎ𝑦𝑑𝑟𝑜𝑐𝑎𝑟𝑏𝑜𝑛 𝑎𝑡 𝑎𝐷𝐷𝑠<7𝑑𝑎𝑦𝑠 (
µ𝑔
𝑚2
)
                    Eq. 5.2 
 
According to Figure 5-5, the total hydrocarbon loading ratio shows a random 
behaviour compared with the solids ratio. For example, the hydrocarbon ratio was 
greater than the solids ratio at sites C3, I1, I3, M4 and R4, whereas the hydrocarbon 
ratio was lower than the solids ratio at sites I2, M2, R1, R2 and R3. The resulting 
high ratios could be attributed to an increase in hydrocarbon concentration (µg/g) 
with the increase in antecedent dry days. The increase in hydrocarbon concentrations 
with the ADDs could be due to site specific activities, which release hydrocarbons 
into the environment. For example, boat building and plumbing industries in the 
vicinity of the I3 could increase the hydrocarbon concentration with the ADDs. The 
resulting low ratios could be due to pollutant redistribution with longer dry periods. 
 
 
 Chapter 5: Physicochemical Signatures of Pollutant Build-up and Wash-off and Potential Sources 111 
 
Figure 5-5 Comparison of hydrocarbon, metal and solids build-up on road surfaces based on 
antecedent dry periods (in logarithm scale) 
 
Variability of hydrocarbon build-up in different particle size ranges  
The hydrocarbon concentrations (µg/g) in different particle size fractions of road 
build-up are given in Table C4, Appendix C. Figure 5-6 shows the percentage of 
total average hydrocarbon concentrations in different particle size fractions in each 
suburb. According to Figure 5-6, 3-29% from <75 µm fraction, 7-24% from 75-150 
µm fraction, 13-30% from 150-300 µm, 17-34% from 300-425 µm and 12-43% from 
>425 µm fraction was contributed to the total hydrocarbon concentration in build-up. 
This indicates that each particle size fraction has a significant contribution the total 
hydrocarbon load. Similar to the metal build-up results, the >425 µm particle size 
fraction plays a significant role in contributing over 12% of hydrocarbons in road 
build-up. However, the influence from the finest fraction is less, compared to the 
metal results. This could be due to the association of hydrocarbon compounds in 
build-up primarily in non-ionic form. Compounds in ionic form could have attached 
more to the finest fraction because of the high absorption capacity due to the high 
surface-to-mass ratio. 
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Figure 5-6 Percentage of total average hydrocarbon concentrations in different particle size fractions 
in different land uses 
 
5.3 POLLUTANT WASH-OFF 
Study sites for wash-off sample collection 
In order to investigate the signatures of wash-off pollutants with varying rainfall 
characteristics, simulated wash-off sampling was conducted in selected road sites. 
The wash-off sampling was limited to two road sites among the 16 road sites used for 
build-up sampling. Selection of these two road sites was done using the approach 
described in Section 3.2.2.  
 
For the selection of sites, the multi-criteria decision making method, PROMETHEE, 
was used. The 32 samples collected from 16 road sites were ranked based on metal 
and hydrocarbon concentrations obtained from build-up studies. The roads were 
ranked from most polluted to least polluted. The detailed procedure used for the site 
selection was as follows: 
 The road site ranked in 1st position from the PROMETHEE analysis was 
selected as one of the two sites for wash-off sampling. This is the site 
having an abundance of pollutants in terms of all the investigated 
elements/compounds. This site was selected since there is a high potential 
for the site to generate runoff containing all the pollutants above the 
detection limits of test instruments. In addition, the site characteristics such 
as length of the selected road stretch, width and slope of the road were 
considered in the selection.   
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 The second site was selected so that it contains typical levels of pollutants 
on the road surface. It was considered that the wash-off from a site with 
typical levels of pollutants would be representative of the patterns of wash-
off for a majority of sites. In this regard, a site demonstrating a medium 
level of pollutants was considered suitable. Accordingly, the site ranked at 
17
th
 position in the PROMETHEE analysis was selected. In addition, the 
site characteristics such as length of the selected road stretch, width and 
slope of the road were also considered in the selection. 
PROMETHEE ranking was conducted to select the two road sites based on the above 
requirements. For this analysis, the V-shape preference function was selected. 
Maximum values of each variable were chosen as preference threshold as the 
analysis was subjected to ranking from the most polluted site to the least polluted 
site. The analysis was conducted using Decision Lab 2000 software for metals and 
hydrocarbons build-up, separately. More details of PROMETHEE can be found in 
Section 3.3.4. 
 
Table C5 and C6 in Appendix C show the results of the PROMETHEE ranking for 
metals and hydrocarbons. In both cases, Via Roma Drive was ranked first, indicating 
that it as the most polluted road site and hence it was selected for wash-off sampling. 
In addition, Via Roma Drive (C4) contains favourable characteristics for undertaking 
wash-off sampling.  
 
As shown in Table C5 and C6 in Appendix C, Yarrimbah Drive and De Havilland 
Avenue are ranked at 17
th
 position for metals and hydrocarbons, respectively. From 
these two roads, Yarrimbah Drive was selected for wash off sample collection. This 
was due to non-favourable conditions at De Havilland Avenue. Yarrimbah Drive has 
ranked at number 3 and number 5 for hydrocarbon data for the two build-up 
sampling episodes justifying the selection for wash-off sampling.  
 
Rainfall events simulated in the field 
Four rainfall intensities (83, 64, 38 and 25 mm/hr) were simulated in the field for 
selected durations (see Section 3.3.2(c)). However, due to unforseen technical issues 
that occurred, samples at 18 and 24 min of 83 mm/hr intensity and 6 min of 64 
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mm/hr rainfall intensity were discarded. Table 5-8 shows intensities and durations 
where the wash-off samples were collected. Collected samples provide an adequate 
database to analyse wash-off behaviour. Collected samples were tested for a range of 
physicochemical signatures in order to understand the characteristics of the wash-off 
process. Tested samples also included two build-up samples from the two sites, 
which were also collected during the wash-off studies to determine the initially 
available pollutants at wash-off.  
 
Table 5-8 Simulated rainfall intensities and durations in the field 
Rainfall Intensity 
(mm/hr) 
Rainfall duration (min) 
Event  1 Event 2 Event 3 Event 4 Event 5 Event 6 
83 6 12 - - - - 
64 - 12 18 24 - - 
38 6 12 18 24 30 36 
25 6 12 18 24 30 36 
 
5.3.1 Total solids 
Variability of total solids in wash-off samples were investigated with the change of 
rainfall duration and rainfall intensity. Figure 5-7 and Figure 5-8 show the variation 
of total solid concentrations (mg of solids in 1 L of wash-off) in wash-off samples 
collected at discrete durations of rainfall from Via Roma Drive (C4) and Yarrimbah 
Drive (R4), respectively. It can be observed that the concentration of solids during 
the first 6 min was high compared to the other durations regardless of rainfall 
intensity and the road site. This could be due to the first flush action during pollutant 
wash-off. However, with the increase in rainfall durations for a particular intensity 
there was no clear pattern of variations in total solids concentration. Ideally, total 
solids concentrations should decrease with the increase in rainfall duration. In this 
study, 93 mg/L of total solids was washed off during 6-12 min time interval while 
127 mg/L of total solids was washed off during 12-18 min duration at 25 mm/hr 
intensity (Figure 5-7) indicating increase in wash-off during the later intervals of 
rainfall. This could be attributed to the increase in the wash-off of high density 
particles which have come into suspension in the sampling plot with the rainfall, 
providing easy mobility into the sample collection outlet. 
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Figure 5-9 and Figure 5-10 shows the cumulative wash-off solids and initial build-up 
load from sites C4 and R4, respectively. It can be observed in Figure 5-9 and Figure 
5-10 that the maximum wash-off load at site C4 was 4g while it was 1.2g at site R4 
for the 83 mm/hr rainfall intensity. The initial build-up loads were 4.8 g and 1.5 g at 
C4 and R4 sites, respectively. This indicates that, only a portion of the initial 
available pollutants are removed by wash-off during a rainfall event. As discussed in 
Section 5.2.1, the presence of a comparatively high load at site C4 rather than site R4 
is justifiable and because of that the wash-off load in C4 is also high.  
 
The percentage wash-off from initial build-up were determined and shown in Table 
C7, Appendix C. It is evident from Table C7, Appendix C that pollutant flushing 
occurred throughout the simulated events for the majority of the rainfall intensities. 
This observation is consistent with the findings of Flint and Davis (2007) and Deletic 
and Maksimovic (1998). As seen in Table C7, Appendix C, maximum percentage 
wash-off from initial solids available on roads was in the range of 65% to 99% and 
69% to 83% at sites C4 and R4, respectively, for the simulated rain events. Even 
though the initial solids build-up and wash-off loads were different at the two study 
sites, percentage wash-off was in a similar range for both sites. This reflects that 
initial solids build-up on the road surface is an influential factor for wash-off load, 
but not for the wash-off process (Egodawatta, 2007). 
 
 
Figure 5-7 Total solids wash-off at Via Roma Drive (C4) 
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Figure 5-8 Total solid wash-off at Yarrimbah Drive (R4) 
 
   
Figure 5-9 Variation of total solids washed-off with rainfall intensity and duration in Via Roma Drive-
C4 
 
 
Figure 5-10 Variation of total solids washed-off with rainfall intensity and duration in Yarrimbah 
Drive-R4 
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5.3.2 Particle size distribution 
The particle size distribution of the pollutant wash-off was assessed in this study and 
results are shown in Figure 5-11 and Figure 5-12 for sites C4 and R4, respectively. 
PSD is shown as cumulative percentage distributions for each of the rainfall 
intensities. In this regard, PSD from samples belonging to different durations were 
averaged.  Similar trends in particle size distribution can be seen in all the rainfall 
intensities irrespective of the wash-off sampling site (Figure 5-11and Figure 5-12). 
However, the coarser fraction of wash-off from site R4 at Clearview Estate was 
greater than site C4 in Surfers Paradise. For example, median size (d50) of the 
particles in wash-off at site C4 were approximately less than 100 µm, whereas at site 
R4, it was around 150-200 µm for all rainfall intensities (Figure 5-11and Figure 5-
12). This observation can be confirmed as particle size distribution of the build-up 
solids in Clearview Estate indicated a higher coarser fraction than the build-up in 
Surfers Paradise sites (see Section 5.2.2). 
 
It is worth noting that the coarser fraction of the wash-off from each road site was 
higher than that of initial solids build-up (Figure 5-11and Figure 5-12). This could be 
due to the accumulation of fine particles on road surface voids without being 
transported to the outlet. Re-deposition of the fine particles downstream of the 
sampling plot while rainfall continues could be another reason. Therefore, it can be 
argued that fine particles are still available to wash-off from the road surface. A 
study conducted by Vaze and Chiew (2002) confirmed that there were pollutants still 
available for wash-off from a road surface after a rainfall event. Consequently, this 
validates the discussion in Section 5.2.1 regarding the influence of pre-existing load 
on pollutant build-up on road surfaces after a rainfall event. 
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Figure 5-11 Particle size distribution of pollutant wash-off in C4 
 
 
Figure 5-12 Particle size distribution of pollutant wash-off in R4 
 
The particle size distribution of wash-off samples corresponding to individual 
simulated rainfall durations and intensities at each road are shown in Figure C1 and 
C2, Appendix C. For the majority of the rainfall intensities, the coarser particle 
fraction in the wash-off samples increased with the increase in rainfall duration. This 
confirms the availability of high solids wash-off load in later durations of rainfall as 
discussed in Section 5.3.1. 
 
5.3.3 Organic matter (OM) 
The average percentage of OM with respect to the initial weight of solids and the 
percentage range is given in Table 5-9 for each site. It can be noted that the 
percentage of OM in R4, a residential site (in Clearview Estate), was higher than in 
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C4, a commercial site in Surfers Paradise due to presence of vegetation inputs which 
contributed to enrich the organic content. According to build-up analysis in Section 
5.2.3, the available OM percentage in build-up was 34.5% and 46.8% in Surfers 
Paradise and Clearview Estate sites, respectively. This suggests that a major fraction 
of OM in build-up was washed off during rainfall.  
Table 5-9 Percentage OM in wash-off 
Site 
OM% 
Min Max Average 
C4 21.9 29.6 26.2 
R4 39.8 48.1 41.7 
 
5.3.4 Metal wash-off from road surfaces 
Variability of metal composition and the concentration in wash-off samples are 
discussed in this section. The metal concentrations were obtained for each sample 
taken at 6 min discrete intervals (in mg/L) from laboratory testing (test method is 
given in Section 4.3.7). The metal wash-off from a 1m
2
 of road surface was then 
calculated for each rainfall event. For that purpose, metal mass was first calculated 
for discrete intervals by multiplying the metal concentrations by the corresponding 
wash-off volume during a 6 min period. The cumulative metal mass was then 
determined by the summation of discrete values corresponding to the rainfall 
intensity to the end of discrete intervals. These values correspond to wash-off of 
metals from 3 m
2
 of road surface and accordingly, the metal loading per m
2
 was 
determined. Table C8 in Appendix C gives the results for all the events simulated 
and the average metal wash-offs from each site are given in Table 5-10. 
 
Out of 24 metals analysed, the common metal compounds found in wash-off for 
every rainfall event were, Na, Mg, Al, K, Ca and Fe (Table 5-10). These metals were 
dominant in build-up samples (Section 5.2.4). Hence, they are common in wash-off 
samples as well. Even though all the analysed metal compounds were detected in 
build-up samples, some of the compounds were either not detected or below the 
detection limit in wash-off samples, mainly at site R4. 
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Table 5-10 Metal loading wash-off from road surfaces 
C
o
m
p
o
u
n
d
  
Via Roma Drive (C4) Yarrimbah Drive (R4) 
mg/m2 
Frequency 
of 
detection 
(out of 17 
events) 
mg/m2 
Frequency 
of 
detection 
(out of 17 
events) 
Average Min Max Average Min Max 
Li 0.0092 0.0025 0.0394 17 0.0034 BDL 0.0034 2 
Na 28.4917 9.8445 61.1077 17 8.3901 1.8408 15.5265 17 
Mg 7.2634 2.4619 15.3677 17 1.4974 0.2914 2.5874 17 
Al 8.5579 0.7032 19.4678 17 1.7727 0.4306 3.8785 17 
K 6.8994 2.4851 13.3986 17 2.3711 0.4348 4.4594 17 
Ca 27.8423 9.2857 63.8174 17 5.0560 0.8704 8.7732 17 
Ti 0.3341 0.0230 0.7833 17 0.0636 0.0109 0.1481 17 
V 0.0254 0.0036 0.0709 17 0.0043 0.0010 0.0142 17 
Cr  0.0247 0.0018 0.0820 17 0.0073 BDL 0.0073 2 
Mn 0.6019 0.0868 1.3090 17 0.1281 0.0252 0.2286 17 
Fe  16.8953 1.2501 50.9801 17 3.1029 0.5435 6.7068 17 
Co 0.0258 0.0021 0.1117 17 0.0025 
BDL 
0.0061 8 
Ni 0.0062 BDL 0.0442 14 BDL 
BDL 
BDL 0 
Cu 0.4464 0.1252 1.0328 17 0.0592 
BDL 
0.0875 14 
Zn 5.2803 0.9951 12.1562 17 1.7239 0.5611 2.9452 17 
Mo 0.0072 0.0021 0.0413 17 0.0023 
BDL 
0.0023 2 
Rh 0.0023 
BDL 
0.0225 2 0.0020 
BDL 
0.0020 2 
Pd 0.0020 
BDL 
0.0195 2 0.0007 
BDL 
0.0007 2 
Cd 0.0837 0.0007 0.4265 17 0.0123 
BDL 
0.0270 8 
Sn 0.0338 0.0015 0.0904 17 0.0069 
BDL 
0.0069 2 
Sb 0.0039 BDL 0.0379 8 BDL BDL BDL 0 
Ba 0.2259 0.0326 0.5681 17 0.0359 0.0057 0.0708 17 
Pt 0.0019 BDL 0.0193 2 0.0018 BDL 0.0018 2 
Pb 0.0686 0.0031 0.2773 17 BDL BDL BDL 0 
 
As evident in Table 5-10, Rh, Pd, and Pt were detected only in two samples out of 17 
wash-off samples in both sites. These three elements had comparatively low 
concentrations in build-up on roads. Therefore, it was not unusual that they were not 
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common in wash-off samples. Interestingly, these three metals were detected only in 
events corresponding to the highest rainfall intensity simulated. Ni and Sb were not 
detected in a few samples at site C4. At site R4, some of the moderately detected 
metals in build-up samples, namely, Ni, Sb and Pb were also not found in wash-off 
samples. The other, less frequently detected metals were often found in 0-6 min 
interval of simulated intensities (Table C9, Appendix C). This indicates the 
significance of the first flush in wash-off in terms of pollutant composition.  
 
It can be seen that the metal loading in initially available build-up is comparatively 
lower than the metal wash-off load. As metals adhered to the road surfaces can come 
into the water matrix during rainfall simulation, increased metal load in wash-off can 
be justifiable. However, according to the build-up analysis in Section 5.2.4, wash-off 
of metals from the two sites was less than the metals in build-up though the initial 
build-up showed lower metal load than the wash-off.  
 
Table 5-11 compares the concentrations (mg/L) of selected  metal elements observed 
at each of the wash-off sampling sites with study results of Herngren (2005). Even 
though the current study results are comparatively higher than the results obtained by 
Herngren (2005), concentrations are in same order of magnitude showing typical 
ranges of metal wash-off from road surfaces.  
Table 5-11 Comparison of metals concentrations (mg/L) observed at each site with Herngren 
(2005) study 
Element 
Herngren (2005)  This study 
Commercial Residential Commercial (C4) Residential (R4) 
min max min max min max min max 
Zn <0.001 0.7 <0.001 3.6 0.3015 0.9676 0.103 0.3447 
Cu <0.001 0.1 <0.001 0.4 0.0199 0.0835 <0.0002  0.0302 
Pb <0.001 0.01 <0.001 0.02 0.0002 0.021 <0.0007  <0.0007  
Al <0.001 0.3 <0.001 0.6 0.2879 1.455 0.096 0.4241 
Fe <0.001 0.7 <0.001 0.7 0.6341 3.9144 0.2223 0.6499 
Cd <0.001 <0.001 <0.001 0.3 0.0001 0.0445 <0.0002  0.004 
Cr <0.001 0.003 <0.001 0.007 0.001 0.0062 <0.0002  0.0009 
Mn <0.001 0.01 <0.001 0.01 0.0254 0.095 0.0079 0.0361 
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5.3.5 Hydrocarbon wash-off from road surfaces 
In this section, hydrocarbon composition and concentration distribution in wash-off 
samples are discussed. Following similar steps as for the metal wash-off estimation 
discussed in Section 5.3.4, hydrocarbon wash-off from a 1 m
2
 of road surface was 
determined and the results are given in Table 5-12. 
 
Hydrocarbons wash-off (µg/m
2
) from C4 road surface was higher than that from R4 
road surface (Table 5-12). This is attributed to high solids load in site C4 compared 
with site R4 as solids are carriers of other pollutants. It can be seen that, not only the 
average loading but also the frequency of detection of hydrocarbon compounds in 
wash-off samples were low at R4 residential road site. 
 
Table 5-12 Hydrocarbon wash-off from road surfaces 
C
o
m
p
o
u
n
d
  
Commercial site Residential site 
µg/m
2
 Frequency 
of 
detection 
(out of 17 
events) 
µg/m
2
 Frequency 
of 
detection 
(out of 17 
events) 
Average Min Max Average Min Max 
C8 0.7 BDL 1.5 11 6.1 BDL 23.0 10 
C10 2.0 BDL 5.9 17 3.1 BDL 14.3 14 
C12 1.9 BDL 6.0 17 1.7 BDL 3.6 7 
C14 12.4 BDL 35.2 11 1.3 BDL 1.7 3 
C16 33.6 0.4 169.6 17 3.0 BDL 5.7 4 
C20 52.9 0.7 266.6 17 2.4 BDL 6.4 7 
C22 49.3 1.0 203.5 17 6.0 BDL 18.4 11 
C24 36.9 0.7 137.6 17 4.0 BDL 9.8 11 
C26 26.2 0.7 88.9 17 2.8 BDL 5.7 11 
C28 20.2 0.7 56.1 17 1.9 BDL 3.9 11 
C30 16.4 0.6 50.5 17 1.5 BDL 4.5 11 
C32 16.0 0.5 55.7 17 2.3 BDL 4.9 12 
C34 13.1 0.4 46.9 17 0.6 BDL 1.6 11 
C36 8.6 BDL 36.7 16 0.6 BDL 0.6 1 
C38 51.5 2.0 182.5 17 18.2 BDL 52.1 15 
C40 2.9 BDL 9.9 13 BDL BDL BDL 0 
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The hydrocarbons loading in wash-off was compared with the hydrocarbons loading 
in initially available build-up. Similar to the metal loading discussed in Section 5.3.4, 
the hydrocarbons wash-off load was comparatively higher than the build-up load. 
However, according to the build-up analysis in Section 5.2.5, it can be noted that 
hydrocarbons build-up load was comparatively higher than the wash-off load. This 
indicates that the only a portion of the build-up of hydrocarbons was contributed to 
the wash-off load.  
 
In order to investigate the influence of rainfall characteristics on hydrocarbon wash-
off, the total hydrocarbon loading was calculated by the summation of the individual 
hydrocarbons loadings corresponding to a rainfall event and results are shown in 
Figure 5-13. As seen in Figure 5-13, with the increase in rainfall duration (increase 
of runoff volume) at a particular intensity, the hydrocarbons loading increased. As 
rainfall continues, the pollutant carrying capacity can increase and it can lead to the 
mobilisation of high pollutant loads in the wash-off (Hoffman and Quinn, 1987). 
 
 
Figure 5-13 Total hydrocarbon loading correspond to rainfall events 
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5.4 POTENTIAL POLLUTANT SOURCES 
Potential sources were examined for their signatures based on metals and 
hydrocarbons. The potential sources analysed in this study were roadside soil 
(samples collected adjacent to the pollutant build-up sampling point on each road), 
tyre sample, brake sample and asphalt sample. Analytical procedures are given in 
Section 4.4. The signatures of vehicle exhaust were obtained from a study conducted 
by Lim (2007) if required for source identification study. 
 
5.4.1 Composition of roadside soil 
Collected roadside soil samples were analysed for the same suite of metals and 
hydrocarbons as the pollutant build-up and wash-off samples. Average metal 
concentrations (in mg per g) applicable to each suburb are shown in Figure 5-14. 
Average metal concentrations in road build-up are also shown in Figure 5-14 for 
comparison purposes.  
 
All the metal elements analysed except Pt, Pd and Rh were detected in soil samples. 
As seen in Figure 5-14, the variation of metal composition and concentration among 
different suburbs (land uses) are insignificant. The reported ranges of concentrations 
for metals are quite similar for different suburbs. As expected, roadside soil samples 
indicated elevated concentrations for elements, namely, Al, Ca and Fe followed by 
Na, Mg, K, Ti, Mn, Ba and Pb. Potential toxic metals such as Cr, Cu, Zn and Cd are 
also present in soils in minor quantities. 
 
Importantly, concentrations of all the elements were higher in road build-up 
compared with the soil samples, reflecting anthropogenic or non-soil influence on 
metal build-up. Metals such as Cu, Zn and Cd are highly enriched in road build-up 
compared to soil. Concentration of Cu in road build-up was approximately 80 times 
greater than that in soil, while around 40 and 60 times greater for Zn and Cd, 
respectively. These metals can originate from a number of sources such as brake 
wear and tyre wear. Additionally, metals such as Rh, Pd and Pt should solely 
originate from anthropogenic sources as they are not commonly found in soil. 
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Figure 5-14 Metal composition of soil in different suburbs (in logarithm scale) 
 
Figure 5-15 shows the average hydrocarbons concentrations in the soil (in µg per g) 
collected from different suburbs along with average hydrocarbons concentrations in 
road build-up. Concentrations of hydrocarbons octane (C8) to Tetracontane (C40) 
were below 1 mg/kg in soil samples. Similar results have been reported in the study 
conducted by Zhu et al. (2005) in Beijing, China, where samples were collected at a 
depth of 5-30 cm from the ground surface. However, there is limited research on 
aliphatic hydrocarbons in Australian soils which constrains the comparisons with the 
results of this study. Substantial concentration differences can be observed between 
different suburbs. Particularly, compounds from C30-C40 are low in concentration in 
Nerang suburb (industrial land use) suggesting differences in organic matter in soils. 
 
As shown in Figure 5-15, road build-up is highly enriched with hydrocarbon 
compounds released from anthropogenic sources as concentrations of compounds 
were approximately 100 times higher than in soil. Therefore, it is important to 
identify the anthropogenic sources which are responsible for elevated concentrations 
in road build-up. 
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Figure 5-15 Hydrocarbon composition of soil in different suburbs (in logarithm scale) 
 
5.4.2 Composition of tyres 
Tyre manufacturing formulae can vary according to required performance. For 
example, passenger car tyres and heavy duty vehicle tyres are different in 
formulation. Consequently, a wide range of chemical compounds can be found in the 
tyres used in vehicles. Additionally, the exact tyre composition details are not 
released by the manufactures due to commercial reasons and it widely varies from 
manufacturer to manufacturer, causing difficulties in the identification of general 
concentration ranges of compounds used in tyres. Nevertheless, common 
characteristics can be identified by analysing commercially available tyres. Figure 5-
16 shows the metal composition of a tyre sample tested in this study. Zn has the 
highest concentrations in the sample which is in good agreement with the study 
results of Kennedy and Gadd (2000). As far as the other metals are concerned, the 
concentrations are generally in orders of magnitude lower than that of Zn, although 
significant amounts of Na, Ca, Al, K, Ti and Fe were found. 
 
Tyre rubber is composed a range of organic compounds. Figure 5-17 shows 
hydrocarbon composition and concentrations in the tyre sample examined in this 
study. As seen in Figure 5-17, hydrocarbon compounds with carbon numbers 14 and 
greater were detected in the tyre sample. However, C30 and higher compounds are 
the dominant compounds, especially C32. Rogge, et al. (1993) noted that for alkane 
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compounds ≥C35 there are few urban sources other than tyre wear. Therefore, higher 
molecular compounds can be used as marker compounds of tyre wear as the current 
study also reported a similar result.  
 
 
Figure 5-16 Metal composition of tyre (in logarithm scale) 
 
 
Figure 5-17 Hydrocarbon composition of tyre 
 
5.4.3 Composition of brake dust 
During forced deceleration, vehicle brakes are subjected to large frictional heat 
generation, with the associated wear of brake linings and rotors or discs. This 
mechanically induced wear generates particles which are released to the 
environment. Hence, brake dust can be a source of pollutants in build-up on road 
surfaces. Therefore, assessing the characteristics of brake dust is vital to facilitate 
source identification of road pollutant build-up. As with tyres, a randomly selected 
brake pad was used for the analysis. Metal composition is shown in Figure 5-18. As 
seen in Figure 5-18, most of the metals analysed in the study were also detected in 
the brake dust sample except Rh, Pd, Pt and Cd. Ca (54 mg/g), Ti (34 mg/g), Fe (212 
mg/g), Cu (77 mg/g) and Ba (61 mg/g) were the most dominant metals in the brake 
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dust sample while Zn, Al, Sb, Mn, Na and Mg are an order of magnitude less than 
the dominant metals. Even though concentrations are different, Kennedy and Gadd 
(2003) also noted similar trends in their analysis of different types of brake pads. 
McKenzie et al. (2009) has reported Cu, Ba and Fe as signature metals for brake 
dust. Though Cd was not detected, McKenzie et al. (2009) found that elevated Cd 
concentrations in brake dust samples were due to its use as plating to prevent brake 
pads corrosion. 
 
 
Figure 5-18 Metal composition of brake dust (in logarithm scale) 
 
The organic composition of brake dust was also investigated and results are shown in 
Figure 5-19. Concentrations are given in µg/g. As it can be seen in Figure 5-19, 
comparatively low concentrations of hydrocarbons are reported for most of the 
compounds while C8, C10, C38 and C40 are below detection limit. C16 shows a 
relatively elevated concentration (3.6 mg/kg) in the brake dust sample. However, 
there is little literature to confirm this finding. Rogge, et al. (1993) analysed brake 
lining materials and reported concentrations of alkane compounds from C20 to C36 
which confirmed with the concentration ranges for this study. However, it was 
difficult to draw firm conclusions about the presence of C16 in brake dust as Rogge, 
et al. (1993) has not reported the C16 concentration.  
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Figure 5-19 Hydrocarbon composition of brake dust 
 
5.4.4 Composition of asphalt 
Asphalts are mixtures of mineral aggregates, sand, filler and bitumen binder. The 
properties of the asphalt can be modified by additives such as adhesives, polymers 
and different types of fillers (Boulter, Undated). Hence, the composition of asphalt 
can vary widely from country to country and within countries, based on the usage of 
additives to comply with the expected requirements. In this regard, there are practical 
difficulties in testing different types of asphalt mixtures to identify their 
characteristics. Therefore, a randomly selected asphalt sample was used in this study 
to examine characteristic metal elements and hydrocarbon compounds. Figure 5-20 
shows the metal composition of the selected asphalt sample.  
 
Na, Mg, Al, K, Ca, Ti and Fe are the major elements detected in the asphalt sample 
and concentrations are in the range of 0.85 to 18.3 mg/g. Kennedy and Gadd (2000) 
also reported elevated concentrations of these metals in asphalt samples. However, 
they noted a higher concentration range than the current study results (1.6 to 48.1 
mg/g), which is attributed to the widely varying nature of asphalt. V, Cr, Co, Ni, Cu, 
Zn and Pb are also present in the asphalt mixture with comparatively low 
concentrations. Similar results have been reported in the study conducted by 
Kennedy and Gadd (2000), indicating the signature metal elements are the same for 
asphalt even though the concentrations vary. In addition, Kennedy and Gadd (2000) 
noted that these metals (V, Cr, Co, Ni, Cu, Zn and Pb) are in elevated concentrations 
with respect to the raw bitumen sample, confirming the usage of additives in asphalt 
to obtain better performance than raw bitumen. Reported concentrations of Mo, Cd, 
Sn and Sb were very low (Figure 5-20). 
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Figure 5-20 Metal composition of asphalt (in logarithm scale) 
 
Figure 5-21 shows the hydrocarbons detected in the asphalt sample analysed in this 
study. Elevated concentrations are shown towards the higher molecular compounds. 
Gadd and Kennedy (2000) found that the mass composition of raw bitumen was 
dominated (86%) by high-molecular weight n-alkanes (>C29), with C15-C28 n-
alkanes contributing 13% and C10-C14 n-alkanes contributing 1%. As it can be seen 
in Figure 5-21, a similar composition trend is reported in the current study. Hence, 
the results can be utilised in further investigations of sources of hydrocarbons in road 
build-up as a comparative potential source sample. 
 
 
Figure 5-21 Hydrocarbon composition of asphalt 
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5.5 CONCLUSIONS 
This chapter primarily provides an understanding of the variability of pollutant build-
up and wash-off from road surfaces and chemical signatures of the potential pollutant 
contributing sources. Following are the important conclusions derived from the 
analysis. 
 
Pollutant build-up 
 Solids build-up load on road surfaces is influenced by the pre-existing 
solids load, which in turn is influenced by the previous rainfall received. 
Furthermore, pollutant build-up is highly site specific and is attributed to 
the variable contribution from different sources at a particular location. 
 Over 60% of the particulates in build-up comprise of particles less than 
150 µm.  
 The highest amount of organic matter content was reported at Clearview 
Estate (residential road sites). This is attributed to the presence of 
vegetation in surrounding areas when compared to other study sites. 
 Metals namely, Na, Mg, Al, K, Ca and Fe were found in abundance in 
build-up. Rh, Pd and Pt were at minimum level while Ti, V, Cr, Co, Ni, 
Cu, Zn, Mo, Cd, Sn, Sb, Ba and Pb were in moderate levels of loading in 
road surface build-up. 
 The metal distribution cannot be described according to the land use type 
as there was a significant deviation in different sites even within the same 
land use. However, there was consistency in metal distribution in 
residential land use sites compared to other land uses. 
 Metal build-up on road surfaces follows a similar pattern of variation with 
solids build-up with the antecedent dry periods, thus confirming metal 
affinity for solid particles. 
 The highest total metal load was reported in the <75 µm particle size 
fraction. However, the other particle size fractions are also important as 
there was over 11% of the total metal load attached to the >425 µm 
fraction. 
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 In commercial road sites, all the hydrocarbons compounds which were 
analysed (C8-C40) were detected and found in abundance. This could be 
due to the frequent vehicular traffic activities in commercial areas which 
release these hydrocarbons into the environment. A comparatively low 
hydrocarbon loading was reported in residential areas. The analysis 
outcome confirmed that the hydrocarbons loading in build-up is also site-
specific. 
 
Pollutant wash-off 
 The amount of solid wash-off in the first intervals of a rainfall event is 
high irrespective of the rainfall intensity and the road site. However, solids 
wash-off occurs throughout a rainfall event. 
 Similar to metal build-up, namely, Na, Mg, Al, K, Ca and Fe were found 
in abundance in wash-off. Rh, Pd and Pt were at minimum levels and less 
frequently detected in wash-off. 
 Even though solids wash-off occurs throughout a rainfall event, metal 
wash-off is dominant in the first intervals of a rainfall event. Additionally, 
it is important to note that only a fraction of metals in build-up are 
removed with wash-off during a rainfall event. 
 Wash-off from commercial sites contain a high load of hydrocarbon 
compounds compared to residential sites. 
 As rainfall continues, the hydrocarbon loading in wash-off increases. 
 
Pollutant sources 
 Roadside soil samples indicated elevated concentrations of elements, 
namely, Al, Ca and Fe followed by Na, Mg, K, Ti, Mn, Ba and Pb. 
Potential toxic metals such as Cr, Cu, Zn and Cd were also present in soils 
in minor quantities. 
 Since road build-up had the elevated metal concentrations compared to 
roadside soil, it was concluded that the elevated presence of metal 
elements in road build-up is influenced by anthropogenic activities. 
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Moreover, Pt, Pd and Rh were not detected in soil samples, confirming 
their anthropogenic origin. 
 Less than 1 mg/kg of aliphatic hydrocarbon compounds ranging from C8 
to C40 were detected in soil. Road build-up consists of elevated levels of 
hydrocarbons compared to soil, which requires further investigation to 
determine the sources responsible for the elevated concentrations. 
 Zn is a reliable marker element for tyre wear. As far as other metals are 
concerned, the concentrations are one order of magnitude lower than that 
of Zn, although significant amounts of Na, Ca, Al, K, Ti and Fe were 
reported. High molecular weight hydrocarbon compounds (>C32) can also 
be used as marker compounds to identify tyre wear from a mixture of 
sources. 
 Ca, Ti, Fe, Cu and Ba are dominant in the brake dust sample analysed in 
this study while other elements are also present in significant amounts. 
Hydrocarbon marker compounds for brake dust could not be identified.  
 Na, Mg, Al, K, Ca, Ti and Fe are the major elements detected in the 
asphalt sample. V, Cr, Co, Ni, Cu, Zn and Pb are also present in the 
asphalt sample with comparatively low concentrations. High molecular 
weight hydrocarbon compounds were dominant in the asphalt sample (> 
C32) while C8, C14 – C16 were present in minor quantities. 
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 Source Apportionment of Road Chapter 6:
Surface Pollutants 
6.1 BACKGROUND 
The build-up collected from road surfaces is an agglomeration of particles from a 
wide range of sources. Virtually any anthropogenic or natural source can contribute 
to the complex road build-up mixture. The build-up accumulated on road surfaces 
consists of potentially toxic pollutants, which consequently influence urban 
waterway ecology due to wash-off with stormwater runoff (Göbel et al., 2007). In 
this context, assessment of sources of road surface pollutant build-up and wash-off is 
vital in order to define control measures to manage pollution. Current research 
literature has qualitatively assessed the sources of build-up and/or wash-off (Brown 
and Peake, 2006; Chang, et al., 2009; Lu et al., 2010; Pitt and Bonzeman, 1982; 
Rogge, et al., 1993; Wang et al., 2002). However, quantitative assessment of sources 
of road surface build-up and wash-off is limited and is more valuable for effective 
mitigation design. 
 
Quantitative assessment of pollutant sources requires extensive field data sets. The 
data set used for the analysis in this chapter is derived from the experimental 
methodology outlined in Chapter 4. The analysis is presented in Chapter 5 primarily 
revealed that the distributions of road surface pollutants such as metals and 
hydrocarbons are affected by the variable contributions from a wide range of 
anthropogenic sources. This chapter focuses on the investigation of the exact sources 
of metals and hydrocarbons which are incorporated road surface build-up and wash-
off, and then quantifies source contributions. 
 
The sources of metals in road build-up and wash-off were initially identified using a 
range of different data analysis techniques. With respect to the identified sources, 
quantification was done using Principal component analysis/Absolute principal 
component scores (PCA/APCS) receptor model. The relative importance of the 
sources was also determined by estimating the percentage of contributions of 
individual metal elements from each of the identified sources. The same analytical 
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procedure was adopted for hydrocarbon source identification and quantification. 
Source identification and quantification of pollutant wash-off (metals and 
hydrocarbons) were conducted based on the two data sets available for Via Roma 
Drive (C4) and Yarrimbah Drive (R4) separately.  
 
6.2 SOURCE APPORTIONMENT OF METALS IN ROAD SURFACE POLLUTANTS 
Identification and quantification of key sources of metals in pollutant build-up and 
wash-off are described in this section. For this purpose, the metal build-up data set 
that included metal concentrations for the 16 road sites and the two sampling 
episodes were used. Analysis was first undertaken to categorise sources into 
anthropogenic and non-soil sources using enrichment factor analysis. The exact 
sources were determined using PCA.  In order to confirm the sources identified by 
the PCA, Hierarchical cluster analysis was also performed. Contributions from each 
source were estimated using the PCA/APCS receptor model. Detailed discussions on 
the analysis undertaken are given in Section 6.2.1. Similar analytical approach was 
adopted to identify sources and quantify source contributions of washed-off metals.  
Section 6.2.2 describes the analysis undertaken for metal wash-off. In this regard, 
data sets obtained from Via Roma Drive and Yarrimbah Drive were analysed 
separately. 
 
6.2.1 Metal build-up 
Enrichment factors (EFs) analysis 
Enrichment factors (EFs) analysis has been widely used in past research studies to 
discriminate natural and anthropogenic sources of metal elements in different sample 
matrices such as soils, sediments and road deposited pollutants (Binta et al., 2013; 
Blaser et al., 2000; Mohammed et al., 2012; Reimann and de Caritat, 2005). In this 
study, EFs analysis was primarily used to distinctly seperate the sources into roadside 
soil and other anthropogenic sources.  
 
Outcomes of the EFs analysis is primarily influenced by the way the original metal 
date sets are normalised. Normalising is done based on the concentrations of a 
reference metal as shown in Eq. 2.3, described in Chapter 2. The normalised data set 
can be considered as the EFs that denote the degree of enrichment with respect to a 
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reference sample. Therefore, it is important to select the most appropriate reference 
sample and the reference metal in the analysis to obtain reasonable results. More 
details of the EFs analysis is given in Chapter 2.  
 
A majority of research studies have used average metal concentrations of crustal soil 
as a reference sample. However, the soil developed in geologically different terrains 
can contain different metal elemental concentrations which deviate from the average 
crustal values (Blaser, et al., 2000). Hence, the use of roadside soil as a reference 
sample would provide more meaningful results of the degree of enrichment than the 
use of average concentrations of Earth’s crust (Blaser, et al., 2000; Mohammed, et 
al., 2012; Zhou, et al., 2007). In this study, the degree of enrichment of a given metal 
element in road build-up was determined relative to the metal concentrations of 
roadside soil collected at each of the road sites. In this regard, it was hypothesised 
that the roadside soil samples collected at a depth of 5-10 cm from the ground 
surface were not contaminated from the ongoing anthropogenic sources at a site. 
Based on this, the resulting EFs indicate only the influence of non-soil influences 
(primarily anthropogenic) on metal build-up on road surfaces.  
 
Secondly, selecting a suitable reference element is also critical in determining EFs. 
Metals such as Al, Fe, Mn have been commonly used as the reference metal in past 
research studies (Binta, et al., 2013; Brady, et al., 2014; Loska et al., 1997). 
However, the variability of distribution of potential reference metals needed to be 
determined in order to select the suitable reference metal for this study data. When 
the variability of concentration of the reference metal is greater than or as great as 
that of the element of interest, the resulting EFs can show higher correlation to the 
distribution of reference metal than to that of the element of interest (according to 
Eq. 2.3). In this context, selecting a reference metal with appropriate knowledge of 
the variance of potential reference metals is critical. In this regard, a non-parametric 
coefficient of variance, CV* was calculated for the commonly used reference metals 
(Al, Fe, Mn) and for the common anthropogenic metals (Cu, Zn, Sn and Pb) by using 
Eq. 2.4, Chapter 2 (Zhou, et al., 2007). The reference metal with lowest CV* in 
comparison to anthropogenic metals was selected for determination of EFs. 
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Metal concentrations (mg/g) described in Section 5.2.4 were used for the 
determination of CV* for potential reference elements Al, Mn and Fe and found to 
be 31%, 26% and 36%, respectively. These values were compared with CV* values 
of common anthropogenic metals, Cu (41%), Zn (37%), Sn (59%) and Pb (48%). 
Among the reference metals considered, Mn has the lowest CV* compared to 
anthropogenic metals. Therefore, Mn was selected as the reference metal for 
determining EFs of metals in road build-up. Additionally, it was considered that the 
anthropogenic influence on Mn was minimal in road build-up samples. Accordingly, 
the outcomes of the EFs analysis using Mn were considered to be reliable.  
 
EF value greater than 1 is considered as an enrichment of a metal of interest 
compared to the reference metal (roadside soil). Level of enrichment is typically 
interpreted qualitatively using a commonly accepted classification system. In this 
study, five enrichment categories suggested by Sutherland (2000) were used for 
classification. They are: minimal enrichment (EF<2) suggesting no or minimal 
pollution; moderate enrichment (EF=2-5) suggesting moderate pollution; significant 
enrichment (EF=5-20) suggesting significant pollution signal; very high enrichment 
(EF=20-40) indicating strong pollution signal; and extremely high enrichment 
(EF>40) indicating an extreme pollution signal. 
 
Using Mn as the reference metal and roadside soil as the reference sample, EFs of 21 
metals (out of 24 elements) were analysed for 32 samples according to Eq. 2.3 
described in Chapter 2. As Pt, Rh and Pd were not detected in any of the roadside 
soil samples, these three metals were deemed as purely from anthropogenic origin. It 
is known that Pd, Rh and Pt are products released from catalytic converters of 
vehicles (Lim et al., 2006; Palacios, et al., 2000) suggesting that vehicle emissions 
are a source of these metals in road build-up. The metal concentrations used for the 
analysis were in the form of mg/g. The results are shown in Figure 6-1 in the form of 
box-whisker plots. 
 
As evident in Figure 6-1, EFs for Na, Mg, K, Ca, Cu, Zn, Cd, Sb and Ba are higher 
than 1 in all road build-up samples indicating the non-soil influence on them 
independent of sampling location. Among analysed metals, Cu (average EF = 21) 
and Na (average EF = 33) has very high enrichment in build-up samples. Average 
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EFs of Zn (8.6), Cd (19.2) and K (5.6) indicate that these metals are significantly 
enriched in build-up. Metals such as Mg (2.4), Ca (4.8), Ti (2.4), Ni (2.4), Mo (2.0) 
Sn (6.3), Sb (4.2) and Ba (3.4) showed moderate enrichment while Li (1.1), Al (0.9), 
V (0.6), Cr (1.2), Fe (0.9), Co (1.2) and Pb (1.9) showed minimal enrichment in road 
build-up. Therefore, significant attention should be given to the sources generating 
Na, Cu, Cd, Zn, Sn, K, Ca, Sb, Ba, Ti, Ni and Mo as they originate from non-soil 
sources indicating moderate pollution in road build-up. It should be noted that, even 
metals such as Na, K and Ca can have some level of non-soil influence, but they 
would not be derived from common anthropogenic sources. There can be non-
anthropogenic sources that can contribute these metals to build-up other than soil. 
 
Similar results have been reported for Cr and Pb in a study conducted in Sydney, 
Australia resulting EFs of 1.9 and 1.1 respectively (Mohammed, et al., 2012) 
indicating high fraction of soil origin. However, Mohammed et al. (2012) have 
reported significantly different results for elements such as Cu, Zn and Cd. Reported 
EFs values for Cu, Zn and Cd were 6.1, 3.8 and 1.8, respectively, whereas they are 
21, 8.6 and 19.2 in the current study sites. This is despite the fact that Mohammed, et 
al. (2012) collected road build-up from motorways with average annual daily traffic 
volumes of 93,150 to 120,000. This could be due to more frequent use of vehicle 
brakes in  urban roads than motorways as these metals reportedly originate from tyre 
wear and brake wear (Adachi and Tainosho, 2004). 
 
Figure 6-1 Enrichment factors (in logarithm scale) 
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Principal Component Analysis/Absolute Principal Component Scores (PCA/APCS) 
receptor model 
a. Source identification by PCA 
Enrichment factor analysis identified that most of the metal elements in road build-
up have at least a minor fraction of non-soil source origin. This suggests the 
contributions of multiple sources for most of the metal elements. The analysis was 
further extended to identify potential non-soil sources of metals and also their 
contributions to the road build-up. For this, multivariate data analysis technique, 
principal component analysis (PCA) was first carried out.  Analysis was done using 
the metal concentration (mg/g) data set that included road build-up samples obtained 
from the 16 road sites under two sampling episodes (32 samples). The complete data 
set used was 32 objects and 24 variables. This complete data set was used since the 
analysis in Chapter 5 revealed that differences in the metal concentrations between 
different suburbs were insignificant.  Therefore, it was hypothesised that the sources 
of metals in different suburbs were similar. 
 
PCA was carried out using SPSS 21.0 software (SPSS, 2012b) to extract independent 
principal components with eigenvalues greater than 1 (Kaiser Normalisation) and 
Varimax rotation was performed to obtain a principal component matrix in an easily 
interpretable form. The extracted principal components were used to identify the 
sources of metals in the build-up samples. In this regard, outcomes of the enrichment 
factor analysis and the chemical signatures obtained from the analysis of potential 
sources as presented in Section 5.4 were used as a guide. Source identification was 
also supported by previously published research literature. More details of the PCA 
are given in Section 3.3.4. 
 
For PCA, the data set was first standardised so that the mean of the each element 
concentration is equal to zero and the standard deviation is one. Outliers in the data 
set were identified using the Hotelling T
2 
test as PCA is highly sensitive to outliers. 
Accordingly, four outliers were removed from the analysis prior to deriving 
conclusions from the PCA. The removed outliers were I1i, M3ii, R1i and R2i. 
 
The resulted principal components matrix with significant four principal components 
is shown in Table 6-1. As seen in Table 6-1, component 1 explains 30.7% of total 
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data variance with high component loadings on Al, V, Mn and Fe while Mg, Cr, Co, 
Zn, Ba and Pb have moderate levels of loadings. Metals such as Mg, Al, Mn, Fe and 
Pb are primarily originating from natural soil (Mostert, et al., 2010). Enrichment 
factor analysis also recognised Mg, Al, Mn, Fe and Pb as minimum to moderate 
enriched metals in road build-up suggesting a significant contribution from soil. 
However, the other metals associated with component 1, namely, V, Cr, Co, Zn and 
Ba usually have anthropogenic sources of origin. These elements can originate from 
road surface abrasion due to vehicular activities. The signatures identified in the 
asphalt sample tested in this study consist of dominant elements Na, Ca, Mg, Fe and 
Al while Co, Cr, Zn, Ba and V are in significant quantities (Section 5.4.4 in Chapter 
5). Kennedy and Gadd (2000) also investigated the elemental composition of road 
asphalt in Auckland, New Zealand and reported similar observations (Kennedy and 
Gadd, 2000). Moreover, Pb and Cr can also originate from road paint which can 
contribute to road build-up via road surface abrasion (Adachi and Tainosho, 2004). 
This indicates the possibility of involving two sources in component 1, which are soil 
and asphalt wear. Though Zn and V which are considered as tracer metals of vehicle 
emissions are associated with component 1, assigning component 1 as vehicle 
emissions can be misleading due to the absence of tracer elements such as Ni, and 
the presence of elements such as Pb. Pb cannot originate from vehicle emissions as 
Pb is currently not in use as a fuel additive. Therefore, component 1 is likely to be 
soil and asphalt wear. Due to similarities in signatures associated with soil and 
asphalt wear, PCA was unable to distinguish the two sources in separate components. 
 
The component 2 in Table 6-1 is characterised with Li, Cr, Ni, Zn, Mo, Sb and Ba 
having 19.3% of the total variance in the data matrix. Li, Cr, Ni, Zn, Mo, Sb and Ba 
are corresponding to signatures of tyre wear. In particular, Zn is used as a 
vulcanising agent (zinc oxide) and Sb is used as a colorant (antimony pentasulphide) 
in tyre production (Kennedy and Gadd, 2000). Councell et al. (2004) noted Zn 
content in tyre tread ranging from 0.04% to 1.55% by weight, based on a review of 
thirteen separate studies. Although Zn is a tracer metal of tyre wear, significant 
amounts of Na, K, Al, Ba, Ca, Cu, Fe can also be present (see Section 5.4.2). 
However, concentration ranges for most of these elements vary widely with the tyre 
types produced by different manufacturers, reflecting the differences in tyre  
manufacturing recipes (Boulter, Undated; Kennedy and Gadd, 2000). It is also 
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commonly known that Sb and Ba are tracer elements of brake wear (Gietl et al., 
2010). However, component 2 could not be primarily related to brake wear due to the 
absence of association of Cu, which is a major tracer of brake wear (Thorpe and 
Harrison, 2008). Therefore, component 2 can be tentatively assigned as tyre wear. 
 
Component 3 in Table 6-1 is associated with high loadings of K, Cu, Cd, Sn and Sb. 
Due to the presence of Cu and Sb, component 3 primarily represents tracer elements 
of brake wear (Adachi and Tainosho, 2004). Cd is also used as plating to prevent 
brake pads from corrosion (McKenzie et al., 2009). Therefore, a third source of 
metals in road build-up can be identified as brake wear.  
 
Table 6-1 Rotated component matrix for refined build-up metal data set 
 Metal 
Component 
1 2 3 4 
Li   .637     
Na       .897 
Mg .523    .657 
Al .915      
K    .780 
 
Ca     .499 
Ti     
 
V .886       
Cr .681 .622     
Mn .862       
Fe .866       
Co .740 
 
  
 
Ni 
 
.730     
Cu 
 
  .699   
Zn .524 .626    
Mo   .810    
Cd     .781   
Sn     .779   
Sb   .604 .544   
Ba .634 .608     
Pb .732       
% of 
variance 
30.7 19.3 15.2 11.1 
Cumulative 
%  
30.7 50.0 65.2 76.3 
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Component 4 in Table 6-1 is associated with high loadings of Na and Mg. These 
metals typically originate from sea salts (Friend and Ayoko, 2009; Gong et al., 
1997). Therefore, component 4 can be assigned as sea salt. In this analysis, elements 
namely, Pt, Pd and Rh, were excluded from the analysis as the source contributions 
determined were negative and do not provide any physical meaning. 
 
b. Source identification using hierarchical cluster analysis  
Accuracy of the PCA in source identification of metals was tested using hierarchical 
cluster analysis (HCA). HCA is a multivariate analytical technique different to PCA, 
but has the ability to resolve sources based on clusters of signature elements. In 
HCA, it was hypothesised that the metals having similar source signatures cluster 
together and are projected on the dendrogram. The resulting HCA dendrogram using 
Ward’s linkage and Euclidean distance method of clustering is shown in Figure 6-2. 
More details on HCA can be found in Section 3.3.4. The same data set used for PCA 
after the exclusion of outliers was used for the HCA.  
 
 
Figure 6-2 Dendrogram of clusters of metals  
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As evident in Figure 6-2, four clusters were identified. Cluster 1 consisted of metals 
found in the soil, namely, Al, V, Fe, Cr, Mn, Co and Pb. Unlike in PCA, this cluster 
has no indication of asphalt wear. Cluster 2 was characterised with Mg, Ca, Na and 
Ni indicating the major source associated with it as sea salt. Cluster 3 comprised of 
K, Cd, Cu and Sn, indicating brake wear as a source of these elements in road build-
up. The elements in Cluster 4 were Zn, Ti, Sb and Mo. These metals primarily 
originate from tyre wear.  
 
Accordingly, the HCA provides consistent source categories in comparison with 
PCA results except the association of asphalt wear with the soil source. Therefore, 
four sources, namely, soil and asphalt wear, tyre wear, brake wear and sea salt were 
considered as the key natural and anthropogenic sources of metals pollution in road 
build-up.  
 
c. Source apportionment of metals in road build-up (PCA/APCS receptor model) 
Different techniques exist to carry out source apportionment including the 
PCA/APCS receptor model, chemical mass balance model and positive matrix 
factorisation. In this study, the PCA/APCS receptor model was used, as it was 
expeditious in source identification and quantification compared to other statistical 
models such as the chemical mass balance model. Particularly, it does not require 
specific software other than basic statistical packages.  
 
Due to the high number of variables to be considered, source apportionment studies 
are complex. Hence, it is essential to present the final results with the appropriate 
description of the methodology adopted in the analysis. Consequently, decision 
makers are afforded the ability to reproduce the methodology, which facilitates in the 
comparison of final results with different locations of interest.  
 
The receptor models estimate the measured mass of pollutant at a given site to its key 
sources by solving a mass balance equation. The PCA/APCS receptor model is 
capable of analysing a series of observations simultaneously in an attempt to 
determine the number of sources (p), their chemical signature profiles (referred as 
source profiles) (Fij) and their contribution to each observation Sjk based on Eq. 6.1,  
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𝐶𝑖𝑘 = ∑ 𝐹𝑖𝑗𝑆𝑗𝑘 +  𝜀𝑖𝑘            𝑖 = 1, 2, … , 𝑚; 𝑘 = 1, 2, … , 𝑛,                                                 Eq. 6.1
𝑝
𝑗=1
 
 
where, Cik is the concentration of variable i  in k
th
  sample,  𝜀𝑖𝑘is the residual error 
(Miller et al., 2002).  
 
The details of the model can be found elsewhere (Guo et al., 2004a; Thurston and 
Spengler, 1985). Eq. 6.1 can be rewritten in the matrix form as shown in Eq. 6.2 
considering residual error is minimal. Here, the residual error account for the 
contributions from minor sources other than the p number of key sources. 
 
[𝐶] = [𝐹][𝑆]                                                                                                                                    Eq. 6.2 
 
This section is targeted at finding out the matrix [S], which indicates the 
contributions from assigned metal sources to the road build-up samples. Figure 6-3 
shows a summary of the procedure described in Section 3.3.4 for easy reference. 
Briefly: 
 The component score matrix ([s]) was obtained for the standardised metal 
concentration data set (28 samples and 21 metal elements) introduced into 
the SPSS software (It should be noted here that this was the continuation 
of PCA used for source identification).  
 APCS were then calculated by deducting the component score of an 
artificial sample (which has zero concentration of each of the 21 metals) 
from the original component scores. The final APCS is a 28 by 4 matrix 
which gives APCS for each sample (28) and its corresponding components 
(4 sources). 
 Multiple linear regression was performed taking APCS matrix as 
independent variables and [CT] as dependent variable (see Figure 6-3). CT 
denotes the total metal mass concentrations in samples calculated by 
summing up the concentrations of each metal element in a build-up sample 
corresponding to a road site.   
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 The APCS were then multiplied by the resulted regression coefficients 
corresponding to each of the four components, so that this represents the 
source contributions from each source to each sample. 
Accordingly, the estimated source contributions are the quantitative assessments of 
the receptor model expressed as mass concentration (mg in g of build-up) that 
represents the amount of metals that can be attributed to a specific source in a build-
up sample at a given site. Here, the source contributions to each of the 28 samples 
were estimated and average contributions with respect to each road site (16 sites) are 
shown in Figure 6-4.  
 
 
PCA 
 
[L] n ×m  
Source Identification 
 
 
     
 
 
  
 
   
 
 
[s] p ×m 
     
 
 
 
 
 
   
 
 
      
 
 
APCS  
     
 
 
 
     
 
 
      
 [CT]m×1 = Ɛ m × [S] p ×m + Ɛ0 
 
[SC] p ×m = Ɛ m × [S] p ×m 
 
        Figure 6-3 Procedure for calculation of source contributions 
where, 
n: number of variables 
m: number of sources 
p: number of objects (samples) 
[L]: component loading matrix 
[s]: component score matrix 
[S]: absolute principal component scores (APCS) 
[CT]: summation of concentrations of individual compounds in samples 
Ɛ: regression coefficients 
Ɛ0: residual error  
[SC]: source contributions  
Multi linear regression 
 
Dependent variable = [CT] m ×1 
Independent variables= [S] p ×m 
Deduct component scores of the 
artificial sample 
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Figure 6-4 Source contributions of metals to road build-up samples (see Table 4-1 for sample ID) 
 
The following conclusions can be derived from Figure 6-4: 
1) Soil and the asphalt wear is the major metal source contributor to road build-
up independent of the receptor site. 
2) The estimated contributions from sources to build-up are well correlated with 
characteristics corresponding to each receptor site, confirming the reliability 
of the estimates of the PCA/APCS receptor model.  
 
Contribution from soil and asphalt wear to metal build-up is attributed to freely 
available soil in the surroundings of the receptor road sites, and common traffic 
activities at each site. The entire set of road sites are surrounded by some fraction of 
pervious areas that contribute soil freely to the road build-up, which is reflected in 
results in Figure 6-4. Vehicular traffic activities (in varying quantities) common in all 
the sites are responsible for asphalt wear generation. Therefore, both soil and asphalt 
wear contribute more metals to the build-up. Slight deviations from one site to 
another could be attributed to site specific characteristics. For example, site I1 
reported the lowest soil and asphalt wear concentration in comparison to the other 
sites. This could be due to reduced contribution from soil to the build-up. As the 
daily traffic volume and texture depth of site I1 (Table 4-1, Chapter 4) are in the 
similar range with roads such as C3, asphalt wear could not be a reason for the 
reported lowest concentration. The reason for low soil contribution to metal build-up 
in site I1 could be due to surrounding site characteristics. Particularly, this is an 
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industrial area which covers the majority of the pervious surfaces with impervious 
pavements restricting the contribution from soil to the build-up.  
 
In terms of all the sources, their contributions are correlated with site specific 
characteristics. For example, build-up in site C4 is a mixture of metals which 
originate from a similar amount of tyre and brake wear and comparatively high 
amounts of soil and asphalt wear. This site is subjected to over 1,500 traffic 
movements and situated closed to a school with traffic signalised intersections. Sites 
with similar characteristics showed similar patterns of contributions from sources. 
Contribution from tyre wear to build-up in sites C1 and C2 was less compared with 
sites C3 and C4. This is attributed to less traffic movements in site C1 and C2 (daily 
traffic volume = 750) than C3 and C4 (daily traffic volume >1500). The elevated 
contributions from tyre wear to metal build-up on C3 (3184), I1 (3500), I2 (6915), 
M3 (3000) and M4 (1537) due to the elevated traffic volumes given in parentheses, 
also further strengthened the correlation of source contributions to site specific 
characteristics.  
 
Among four roads in Surfers Paradise, contribution from brake wear to sites C1, C2 
and C4 was high compared to site C3. Even with low daily traffic volume, C1 and 
C2 showed high brake wear generation. Sites C1 and C4 are located close to schools, 
which in turn is a cause for frequent braking actions. Also, site C4 has signalised 
intersections, another reason for causing more frequent braking actions. Site I2 is a 
busy road with traffic signalised intersections. Sites M1 and M4 are close to two 
major roads (Ashmore Road and Benowa Road), and consequently generate more 
braking actions. In the case of brake wear generation, traffic volume is not only the 
factor that plays and influential role. 
 
As expected, the road build-up in sites that are close to the coastline (for example, 
sites C3, C4) show high contributions from sea salt, whereas build-up in sites away 
from the coastline (sites in the Clearview Estate suburb) show comparatively low sea 
salt contributions to the road build-up (see Figure 6-4), suggesting the distance from 
the coastline would have an impact on sea salt contributions to metal load in road 
build-up.  
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From the estimated source contributions shown in Figure 6-4, the percentage 
contribution from each source to the total metal concentrations in build-up samples 
were estimated. The results are shown as box-whisker plots in Figure 6-5, and clearly 
depict the variability of percentage contributions from each source to metal build-up 
across sampling sites. By averaging the estimated percentage contributions in each 
sample, the average percentages of source contributions were determined for each of 
the sources in order to obtain the general values for this study area. The results are 
shown in a pie chart in Figure 6-6. 
 
 
Figure 6-5 Variation of percentage contributions from sources to total metals in road build-up samples 
 
 
Figure 6-6 Average source apportionment of total metal concentrations in road build-up 
 
As seen in Figure 6-5 and Figure 6-6, 58% to 65% of the total metals in build-up 
originate from soil and asphalt wear with an average of 61%, indicating it as a major 
contributor to the metal build-up on road surfaces. Implementing control strategies to 
minimise the accumulation and generation of soil and asphalt wear would reduce the 
metal load imposed on treatment measures. For instance, managing pervious areas 
surrounding the road sites reduces the amount of soil built-up on road surfaces. 
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However, abatement of asphalt wear generation at its source is not practical, due to 
an increase of vehicular movements on roads. Hence, treatment measures are 
required to protect water quality.   
 
The second major contributor to the total metals in build-up is tyre wear. Figure 6-6 
shows 5% to 26% of total metals and the average contribution is about 17%. Brake 
wear contribution to total metals is 4 % to 9% (average = 7%). As with asphalt wear, 
abatement of tyre wear and brake wear at its source is not practical. However, 
quantitative assessments of metals originating from tyre wear offer guidance to 
designers to formulate efficient treatment measures.  
 
Sea salt is an unexpected source of metals identified in this study. It contributes to 
total metals in build-up by 13-27% with an average of 15%. Accordingly, relative 
importance of the sources vary in the order of soil and asphalt wear>tyre wear> sea 
salt>brake wear in terms of contributions to the total metal load. However, in the 
case of elements associated with sources and the degree of risk posed to water 
quality, the order of relative importance of sources can deviate from the above. 
Consequently, this requires an estimation of source contribution of individual 
elements, which in turn facilitates in determining the most critical source.  
 
d. Source profiles derived from the PCA/APCS receptor model and model 
performance 
In receptor modelling, evaluation of model performance is mandatory. Analysis so 
far identified four sources that are responsible for generating metals on road build-up 
using signature elements noted in the rotated component matrix shown in Table 6-1 
and hierarchical cluster analysis, and enabled determining the contributions from 
each source to individual build-up samples. The analysis was further continued to 
obtain the signature profiles of the identified sources since it can be used to re-
confirm the source identification, which is the critical step in the overall analysis.  
 
Source profiles were estimated in accordance with Eq. 6.3 and Eq.6.4. Here, the 
source profile denotes the average relative chemical composition of the metal 
generating source, expressed as the ratio between the mass concentration of every 
element to the total metal mass concentrations. The non-standardised metal 
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concentration (mg/g) data matrix (28×21) and the source contribution matrix [SC]28×4 
are known. Hence the source profile matrix [𝑆𝑃] can be determined. The calculation 
was performed using MATLAB 2012 software (MATLAB, 2012). 
 
[𝐶]𝑝×𝑛 = [𝑆𝐶]𝑝×𝑚[𝑆𝑃]𝑚×𝑛                                                                                                         Eq. 6.3 
 
∴  [𝑆𝑃]𝑚×𝑛 = [𝑆𝐶]𝑝×𝑚
−1
[𝐶]𝑝×𝑛                                                                              Eq. 6.4 
 
where, [𝐶] is the non-standardised concentration data matrix, [𝑆𝐶] is the source 
contribution matrix, [𝑆𝑃] is the source profile matrix.  
 
Figure 6-7 shows the profiles of the four sources: soil and asphalt wear, tyre wear, 
brake wear and sea salt. Similar signatures described in relation to Table 6-1 can be 
observed in Figure 6-7 with a few exceptions. As it can be seen in Figure 6-7, soil 
and asphalt wear contains the majority of metals analysed in varying quantities. 
However, the signature elements identified using the rotated component matrix given 
in Table 6-1 are the dominant metals (Al, V, Cr, Mn, Fe, Co, Zn, Ba and Pb). 
Additionally, Na, Ca, Cu and Ni are present in minor quantities in the derived source 
profile for soil and asphalt wear. As noted in Section 5.4.2 and reported by Kennedy 
and Gadd (2000), these metals can also be present in asphalt. Therefore, the presence 
of Na, Ca, Cu and Ni in the soil and asphalt wear source profile is not unusual, even 
if they are not highly correlated with component 1 in Table 6-1. As expected, the 
metal concentrations of the brake wear profile are higher by orders of magnitude than 
the metal concentrations from tyre wear. For example, Cd from brake wear is 100 
times greater than Cd from tyre wear. At the same time, each of the sources has 
elevated concentrations of their signature metals associated with component 2 and 3 
in Table 6-1. Na and Mg are in elevated concentrations while the other metals are in 
depleted concentrations in sea salt (Figure 6-7). In addition, it can be noted from 
Figure 6-7, Ca has an association with each of the sources identified, suggesting it as 
a common metal element present in road-build-up, which can be produced through 
any of these sources. Accordingly, the estimation of source profiles from the 
PCA/APCS model confirms that the tentative assignments of four sources are 
reasonable.  
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Figure 6-7 Source profiles derived from PCA/APCS model 
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Further, the performance of the PCA/APCS receptor model was evaluated by 
estimating the coefficient of determination (R
2
) of the estimated total metal 
concentration, via the PCA/APCS receptor model and the field measurements of total 
metal concentrations in road build-up. Figure 6-8 shows the graph of PCA/APCS 
estimated measurements and field measurements. As seen in the Figure 6-8, R
2
 was 
0.8773, indicating that the estimated values are close to the measured values. This 
suggests that PCA/APCS model can reproduce metal concentrations obtained from 
the field investigations at a reasonable level of accuracy. Also, this confirmed the 
fact that contributions from sources other than the identified key sources were at 
minimum level (an assumption made in the PCA/APCS receptor model). 
 
 
Figure 6-8 Estimated total metal concentration via PCA/APCS receptor model Vs measured total 
metal concentration 
 
e. Assessing relative importance of sources by determining source contributions 
to individual metals load in road build-up 
Section 6.2.1 (c) highlighted the need for an estimation of contributions from each 
source. As the source contributions and the source profile matrix has been obtained, 
the contributions from four sources to individual metals load in road build-up 
samples can be estimated using Eq.6.5. Consequently, the percentage contribution to 
the individual metals from the identified four sources were estimated according to 
Eq.6.6.  
 
[Ci]p×n = [SCi]p×1
[SPi]1×n
CTSPi
                   i =  1, 2, . . . , m                                                            Eq. 6.5     
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% source contribution to the individual compounds =
[Ci̅̅ ̅]n×m
∑ C̅i,n
m
i=1
× 100                    Eq. 6.6 
 
where CTSPi is the summation of individual compound concnetrations in source 
signature profile i, Ci is the concentrations of individual compounds, which are 
contributed from the source i to road build-up samples, Ci̅ is the average 
concentrations of individual compunds, which are contributed from the source i. 
 
The resulting average percentage contributions to the individual metals load are 
shown in Table 6-2. In APCS, source contributions can be negative (Miller, et al., 
2002). The coefficient of determination, R
2 
representing correlation between 
estimated (using Eq. 6.3) and the measured concentration of individual metals are 
also given Table 6-2. R
2
 for the different metals were in the range of 0.55-0.9 
showing a good fit between estimated  and field measured concentrations in a 
complex environmental sample. This inturn reflects the validity of the estimated 
source contributions to individual metal elements.  
 
Following are the other three important conclusions derived from Table 6-2: 
1) Over 50% of the majority of the elements including Li, Mg, Al, Ti, V, Cr, 
Mn, Fe, Co, Ni, Zn, Ba and Pb are originating from soil and asphalt wear. 
2)  Over 25% of Ni, Mo, Zn, Sb, Ba, Cr and Li are originating from tyre wear. 
3) Almost all of Cd and a significant amount of Cu, Sn, Sb and Mo are 
originating from brake wear, while sea salt is contributing 60% of Na in 
build-up. 
 
Hence, soil and asphalt wear is identified as the most critical source of metal in terms 
of both, total metal load in build-up and contributions to individual elements. 
Managing accumulation and generation of soil and asphalt wear reduces the load on 
treatment measures.  
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Table 6-2 Average percentage contribution from sources to metal elements 
Metal 
Comp. 1 
(Soil and 
asphalt wear) 
Comp. 2 
(Tyre 
wear) 
Comp. 3 
(Brake 
wear) 
Comp. 4 
(Sea salt) 
R
2
 
Li 56.6 38.8 -8.4 13.0 0.55 
Na 4.1 17.6 18.3 60.0 0.86 
Mg 57.3 19.2 0.4 23.1 0.88 
Al 78.9 8.6 10.3 2.3 0.90 
K 29.4 4.1 49.1 17.4 0.71 
Ca 49.9 23.6 5.6 20.8 0.6 
Ti 67.1 23.9 21.7 -12.7 0.68 
V 76.1 11.9 9.3 2.6 0.88 
Cr  66.8 25.2 6.5 1.6 0.85 
Mn 83.3 9.1 4.3 3.3 0.76 
Fe  93.1 11.2 -1.8 -2.4 0.81 
Co 75.3 15.0 -2.4 12.2 0.77 
Ni 55.3 42.6 -7.5 9.5 0.69 
Cu 48.4 8.0 43.9 -0.3 0.70 
Zn 58.2 31.1 19.4 -8.7 0.81 
Mo 6.3 49.8 31.0 13.0 0.89 
Cd 2.6 2.4 100.7 -5.7 0.62 
Sn 11.5 4.2 82.9 1.4 0.59 
Sb 27.0 30.2 32.7 10.1 0.79 
Ba 61.9 25.9 7.1 5.1 0.80 
Pb 80.9 3.2 4.7 11.2 0.64 
 
As noted above, a significant amount of potential toxic metals originate from tyre 
and brake wear. Even though the reduction of tyre and brake wear generation is not 
practical due to ever increasing traffic activities, the following strategies can be 
proposed for the manufacturing process of tyre and brake pads/linings. 
 Reduction of usage of Cu in brake pads/lining manufacture 
It was found in California that 35 to 60% of Cu in California's urban catchment 
runoff has been originating from brakes exceeding the thresholds of water quality 
standards (CDA, 2014). California imposed laws in 2010 directing a reduction in the 
amount of Cu used in automotive brake pads. Similar directives are of high priority 
in Australia as 44% of Cu in road build-up originates from brake wear.  
 Reduction of Cd use in brake parts as a coating to prevent corrosion 
 Reduction of Zn use in tyre manufacturing  
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The toxicity levels of individual metals can vary once they have accumulated in 
stormwater and consequently into receiving waterways. For example, Cd is among 
the most soluble metals (Birmili et al., 2006), which is a great concern in terms of the 
ecological health of waterways. In this context, brake wear could be a major source 
of concern, even though it contributes only 7% of the total metals in road build-up 
(Figure 6-6).  
 
Metals such as Na and Ca originating from sea salt are non-toxic elements in the 
water environment, unlike Cd. However, the accumulation of these metals into 
waterways can alter the pH values of waterways, which in turn can alter the 
solubility of other toxic metals providing favourable conditions for increasing 
bioavailability and ready uptake by aquatic fauna and flora (Charlatchka and 
Cambier, 2000). Therefore, it can be postulated that the each of the sources play an 
important and different role in altering the chemical signatures of the stormwater and 
receiving waterways. 
 
This emphasis on identifying sources, quantifying contributions from sources and 
identifying relative importance of sources for individual metals are the primary steps 
in managing stormwater pollution and consequently the ecological health of the 
waterways. However, further investigations are required to determine toxicity levels 
exerted on urban waterways by individual pollutants in road build-up. 
 
6.2.2 Metal wash-off 
Road surfaces are receptors for accumulating pollutants while forming effective 
platforms for wash-off. Therefore, sources related to pollutant build-up are the 
sources of pollutant wash-off. However, due to wash-off being partial and influenced 
by rainfall characteristics, source contributions can be different compared to build-
up. Furthermore, due to the scavenging action of rain droplets in dislodging surface 
bound pollutants may result in differences in contributions of the sources to wash-off 
with respect to pollutant build-up. To investigate these phenomena, source 
identification and quantification were carried out for wash-off metals using the same 
approach to that used for build-up. Similar to build-up pollutant analysis, sources of 
metals were identified by using PCA. The PCA/APCS receptor model was used to 
 Chapter 6:Source Apportionment of Road Surface Pollutants 157 
quantify the contributions from identified sources. Additionally, HCA was used to 
verify source identification by PCA. 
 
a.  Source identification  
In order to undertake PCA to identify sources of metals in wash-off, selecting the 
most appropriate data set was essential. As noted in Section 5.2.4, some metal 
elements were not detected in wash-off samples, particularly in the residential site 
due to the dilution effect. In residential sites, diluted concentrations for certain 
elements were below the detection levels of the instrument. Therefore, performing 
PCA for the complete data set including data for Via Roma Drive (C4) and 
Yarrimbah Drive (R4) together can be misleading. Accordingly, it was decided to 
carry out the analysis for the metal data in C4 and R4 sites, separately.  
 
However, when the original data set is separated into two sets, the adequacy of the 
number of samples for undertaking multivariate analysis is questionable. Therefore, 
it was required to exclude metal elements (variables) from the data set, minimising 
the effect on source identification. For this purpose, the knowledge created through 
the metal build-up analysis was used. Initially, the elements that were not detected in 
the majority of the samples were excluded from the analysis. For the rest of the 
elements, signature elements identified corresponding to sources of metal build-up 
(from Table 6-1) were only selected for wash-off analysis. The selected elements 
were Na, Mg, Al, K, Ca, V, Mn, Fe, Ni, Cu, Zn, Mo, Cd and Sn for the samples 
collected from Via Roma Drive (C4). Na, Mg, Al, Ca, V, Fe, Cu and Zn were 
selected for Yarrimbah Drive (R4). Analysis was performed for concentration data in 
mg/L for both the data sets. 
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PCA 
PCA extracted three components, explaining 96.1% and 93% of the total variances of 
the data sets at C4 and R4 sites, respectively. The extracted components are shown in 
Table 6-3. As evident in Table 6-3(a), component 1 has high loading of Na, Mg, K, 
Ca and Cu, component 2 has Al, V, Mn, Fe and Cu and Ni, Zn, Mo, Cd and Sn are 
dominant in component 3. This indicates that component 1 has the influence of sea 
salt to have high loadings of Na, Mg, K and Ca. However, higher loading of Cu on 
component 1 suggests another source related to it. Cu can originate from vehicular 
related sources such as brake wear. Cu has relatively high loading on component 2 as 
well, while other highly loaded metals in component 2 correspond to soil. 
Component 3 was fairly similar to component 2 extracted in the build-up analysis 
and could be assigned as a source of tyre wear.  
 
Also Cd has a positive loading on component 3. This could be due to similarities of 
characteristics of Cu and Cd in the water matrix with other elements associated with 
corresponding components in Table 6-3. For example, Lock et al. (2007) noted that 
the presence of Na
+
, Ca
+
, Mg
+
 and K
+
 in water does not alter the toxicity exerted by 
Cu on the aquatic environment. This indicates that even with the presence of Na, Ca, 
Mg and K, Cu ions can be observed in the water matrix, justifying the positive 
loading of Cu associated with sea salt (component 1). However, this condition may 
alter with organic content in the water matrix. Di Toro et al. (2001) reported that Na
+
, 
Ca
+
, Mg
+
 and K
+
  are able to compete with Cu ions for binding sites, thereby 
decreasing the toxicity exerted by Cu on the aquatic environment with organic 
content. However, in this study the organic content of wash-off samples (26%) were 
high as noted in Section 5.3.3. Hence, it can be noted that PCA components extracted 
are related to the solubility of elements. Here, it is considered that the influence of 
other ions on binding sites is minimal. 
 
Table 6-3(b) shows the rotated component matrix for site R4. High loading of Al, V 
and Fe in component 1 suggests soil as a source of metals in wash-off. Component 2 
has high loading of Na, Mg and Ca, suggesting sea salt as a source and component 3 
correspond to Cu and Zn, which could be assigned as brake and tyre wear. However, 
it was not possible to distinguish between brake wear and tyre wear as these two 
metals were clustered together and other tracer compounds such as Sb, Ba and Cd 
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were not detected in the residential area pollutant wash-off and were not included in 
the analysis.  
 
Accordingly, the primary sources identified in wash-off were soil, traffic related 
sources (tyre wear/brake wear) and sea salt, regardless of the sampling site, 
indicating the influence of sources of metals in build-up on road surfaces.  
 
Table 6-3 Rotated component matrix for refined wash-off metal data matrix-Via Roma Drive 
(a) Via Roma Drive 
 
(b) Yarrimbah Drive 
Metal 
Component 
 
Metal 
Component 
1 2 3 
 
1 2 3 
Na 0.972     
 
Na   0.796   
Mg 0.978     
 
Mg   0.97   
Al   0.974   
 
Al 0.992     
K 0.938     
 
Ca   0.985   
Ca 0.959     
 
V 0.99     
V   0.812   
 
Fe 0.983     
Mn   0.941   
 
Cu     0.959 
Fe   0.85 0.512 
 
Zn     0.762 
Ni     0.879 
 
% of 
variance 
37.5 33.7 21.8 
Cu 0.689 0.612   
 
Cumulative 
%  
37.5 71.2 93 
Zn     0.927 
     Mo     0.737 
     Cd   -0.678 0.521 
     Sn   0.536 0.805 
     % of 
variance 
34.5 34.4 27.2 
     Cumulative 
%  
34.5 68.9 96.1 
      
HCA 
Hierarchical cluster analysis was repeated to verify the results obtained from the 
PCA. Dendrograms of the clusters of metals in wash-off from C4 and R4 are shown 
in Figure D1 and Figure D2, Appendix D, respectively. Both dendrograms resulted in 
three clusters of metals. As indicated in Appendix D, Figure D1, three clusters are 
similar to the PCA identified components, indicating sea salt, soil and tyre wear as 
the sources of metals in wash-off from site C4. However, there is a considerable 
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difference in grouping of metals in site R4. Cu, Zn, Fe, Ca and V are clustered 
together while Al is separated into one cluster. Na and Mg are in the third cluster.  
  
b. Source apportionment of metals wash-off (PCA/APCS receptor model) 
Source apportionment was conducted for both the sites in relation to sources 
identified by PCA. The determination of source contributions to wash-off samples 
facilitates the understanding of the influence of metal build-up on wash-off from 
road surfaces.  
 
Source contributions were estimated following the same procedure indicated in 
Figure 6-3. Figure 6-9(a) and Figure 6-9(b) show the estimated source contributions 
to wash-off from sites C4 and R4, respectively. Sea salt showed the highest 
contributions to wash-off at both sites. It can be observed that the contributions from 
sea salt increase with the decrease in rainfall intensity at both sites. At low rainfall 
intensities, the time taken for wash-off to travel from furthermost end of the 
sampling plot to the outlet is higher than that at high rainfall intensities. Therefore, it 
will increase the interaction time of water with the road surfaces, which allows 
elements to dissolve in water at low rainfall intensities. Hence, sea salt at low rainfall 
intensity events can be higher than at high rainfall intensities. In addition, as the 
rainfall continues (higher duration events), the contribution from sea salt to wash-off 
is noticeably low (Figure 6-9(a) and Figure 6-9(b)). This is attributed to the 
occurrence of first flush. In the case of other sources, the first flush effect can be 
observed. 
 
The second highest contributions to wash-off samples were from soil and the lowest 
contribution was from the traffic related source (Figure 6-9(a) and Figure 6-9(b)). 
The average percentage contributions from sources to wash-off samples were 
estimated and are shown in Figure 6-10. As noted above, the highest contribution to 
metals in wash-off is from sea salt (65%) deposited on both road sites. The 
percentage of sea salt in build-up was only 15.6% of the total metals (Section 6.2.1). 
It should be noted that, Na (the signature element of sea salt) content was 30% of the 
total metals in wash-off, whereas only 6% of Na was observed in the initially 
available build-up prior to wash-off. This in turn describes the elevated contributions 
from sea salt to wash-off compared with build-up. However, solubility of particulate 
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bound Na (Na in build-up) and wash-off of the road surface itself is attributed to the 
presence of a higher percentage of Na in wash-off than build-up. 
 
Figure 6-9 Source contributions to wash-off samples (a) Via Roma Drive (C4) (b) Yarrimbah Drive 
(R4) 
 
Figure 6-10 Source apportionment of metals in wash-off (a) C4 (b) R4 
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As evident in Figure 6-10, average contribution from soil to metals in wash-off at 
sites C4 and R4 is 23% and 18%, and brake and tyre wear contribute 12% and 18%, 
respectively. Even though metal loads are different at the two sites, the contributions 
from the different sources to metal load were in a similar range in both roads. 
 
c. Source profiles derived from the PCA/APCS receptor model and model 
performance 
The profiles of the identified sources at the two sites were estimated using Eq. 6.2 
and results are shown in Figure 6-11. The signatures of the sources noted in Table 6-
3 were compared with the source profiles shown in Figure 6-11. It can be seen that 
the dominant elements associated with each of the components in Table 6-3 are also 
shown in the elevated concentrations in their source profiles. However, 
anthropogenic elements such as Cu, Zn and V are also in significant concentrations 
in sea salt and soil profiles. This could be due to two reasons. Firstly, the dominant 
metals in sea salt (Na, Ca, Mg) and soil (Fe, Mn, Al) may provide favourable 
conditions to attach with anthropogenic elements in the solids in the wash-off 
samples. Secondly, even though asphalt wear was identified as a source of metal 
build-up, PCA is unable to make this identification in wash-off. Therefore, as the 
rainfall continues, there is a possibility that asphalt wear will accumulate in the 
wash-off samples and contribute to the anthropogenic metals. The favourable 
conditions created by the water matrix and the dominant metals in sea salt and soil 
results in mixed source signatures is shown in Figure 6-11. 
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Figure 6-11 Source profiles derived from PCA/APCS model for wash-off data (a) C4 (b) R4 
 
6.3 SOURCE APPORTIONMENT OF HYDROCARBONS IN ROAD SURFACE 
POLLUTANTS 
Sources of hydrocarbons in the road surface pollutant build-up and wash-off are 
assessed in this section. The PCA/APCS receptor model was again used for source 
identification followed by quantification of source contributions to road build-up. 
The same technique was used to identify and quantify source contributions to 
hydrocarbons in wash-off from road surfaces. 
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6.3.1 Hydrocarbon build-up 
a. Source identification by PCA 
The hydrocarbon concentrations measured (µg/g) in the 32 build-up samples 
collected from the 16 road sites were introduced to PCA after standardising the data 
set. The PCA extracted three components such that the eigenvalues values >1, 
explained 83% of the total data variance. The resulting Varimax rotated component 
matrix is shown in Table 6-4. The first component explains 43% of the total data 
variance and was strongly related to hydrocarbons with carbon numbers 20 to 32 
(eicosane to dotriacontane). Carlsson et al. (1999) noted that particulate associated 
C17 – C40 compounds are mainly derived from non-combusted engine lubrication 
oil. However, depending on the engine type and lubricant in use, the composition can 
be widely varying. Accordingly, component 1 can be tentatively assigned as non-
combusted lubrication oil. 
 
Component 2 explains 21.2% of the total data variance and it is highly correlated 
with C12 to C16 and C34. The alkanes C12 to C16 could be released from diesel 
emissions (Drapper et al., 1996). Carlsson, et al. (1999) have also reported that the 
C12 – C22 compounds originate from non-combusted diesel fuels. They further 
noted that composition can vary widely with the type of diesel fuel used in engines 
(Carlsson, et al., 1999). High molecular weight C34 (tetrariacontane) is also 
associated with component 2. The sources of C34 can be lubrication oil or asphalt in 
the road environment. As this compound is associated with non-combusted diesel 
fuel emissions, there is a potential to generate C34 from lubricant oil as both sources 
correspond to exhaust emissions.  
 
Component 3 is characterised with high loading of C36 to C40 and moderate loading 
of C10 and C12 (Table 6-4). Rogge, et al. (1993) noted that C35 or greater alkanes 
are primarily derived from tyre wear and ≥C35 can be used as a tracer for tyre wear 
as there are few other sources which generate these compounds. However, it should 
be noted that asphalt can also produce high molecular weight alkanes. Kennedy and 
Gadd (2000) found that asphalt contains 86% high molecular weight alkanes (>C29), 
13% of C15-C25 alkanes and 1% of C10-C14 alkanes. Therefore, the compounds 
related to component 3 can originate from either tyre wear or asphalt wear. Due to 
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similar signatures, tyre wear cannot be distinguished from asphalt wear using these 
signature compounds.  
 
Table 6-4 Rotated component matrix obtained via PCA for hydrocarbon build-up data 
Compound 
Component 
1 2 3 
C8       
C10     0.560 
C12   0.704 0.546 
C14   0.910   
C16   0.886   
C20 0.879     
C22 0.969     
C24 0.987     
C26 0.988     
C28 0.979     
C30 0.976     
C32 0.970     
C34   0.782   
C36     0.911 
C38     0.838 
C40     0.711 
% of variance 43.2 21.2 18.6 
Cumulative 
% 
43.2 64.4 83.0 
 
b. Source identification by HCA 
To confirm the source identification performed using PCA, HCA was carried out for 
the same data set. Dendrogram was obtained using Ward linkage and Euclidean 
distance and is shown in Figure 6-12. As shown in Figure 6-12, three clusters of 
hydrocarbons are projected in the dendrogram indicating three sources of origin. 
Cluster 1, 2 and 3 include: C20 to C32; C12 to C16, C34; and C36 to C40, C8, C10, 
respectively. This indicates that cluster 1, 2 and 3 correspond with component 1, 2 
and 3 obtained from the PCA. Therefore, it can be concluded that the source 
identification of hydrocarbons from PCA provides robust results. However, the 
association of C34 with C12 to C16 is still questionable.  
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Figure 6-12 Dendrogram of the clusters of hydrocarbons in road build-up samples 
 
c. Source apportionment of hydrocarbons in road build-up 
According to the procedure given in Figure 6-3 and described in Section 6.2.1, the 
contributions to the total hydrocarbons in build-up from the identified three sources 
were calculated. Estimated source contributions (µg/g) to each of the build-up 
samples are shown in Figure 6-13. As evident in Figure 6-13, the contributions from 
identified sources to build-up are different from one site to the other and compatible 
with the site specific characteristics. The identified three sources of hydrocarbons in 
build-up are primarily linked with traffic related activities. Therefore, the differences 
in contributions could also be linked to the nature of traffic activities in road sites. In 
sites C2, C4, I1, M2, R3 and R4, elevated concentrations of non-combusted 
lubrication oil can be observed (Figure 6-13). Daily traffic volumes on these roads 
are in the range of 608 to 3,500 (Table 5-1). This means that even with 
comparatively low traffic volumes, elevated concentrations of non-combusted 
lubrication oil can be observed. A study conducted by Brandenberger et al. (2005) 
showed that a vehicle’s starting condition has an impact on the contribution from 
non-combusted lubrication oil and also from diesel fuel to particulate emissions. 
They noted that with a cold engine, falling ambient temperature increases the 
emission of non-combusted diesel fuel, whereas from non-combusted lubricating oil 
it was less affected. Under warm-start conditions, the ambient temperature had less 
impact on the emission of alkanes (Brandenberger, et al., 2005). The emissions are 
also affected by the operating conditions of the engine, with driving with high load, 
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tending towards higher emissions of lubricants (Brandenberger, et al., 2005). 
Accordingly, site specific vehicle usage patterns cause changes in contributions to 
hydrocarbon build-up.  
 
 
Figure 6-13 Source contributions of hydrocarbons to road build-up samples 
 
Contributions from three sources to build-up samples were calculated as a percentage 
and are shown in Figure 6-14. Average contributions are shown in Figure 6-15. 
Percentage contribution from non-combusted lubrication oil to total hydrocarbons in 
build-up samples was in the range of 4.3% to 48.7% (Figure 6-14) with an average of 
26% (Figure 6-15). Percentage contribution from non-combusted diesel fuel varied 
from 0% to 83.3% with an average of 62.2%. 4.1% to 32.7% of total hydrocarbons 
originate from tyre/asphalt wear (average 12%) across sampling sites. Hence, the 
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relative importance of sources vary in the order of non-combusted diesel fuel>non-
combusted lubrication oil>tyre/asphalt wear in terms of contributions to total 
hydrocarbon load. These three sources are primarily associated with vehicular 
activities. Due to the impracticality of reducing vehicle use, reduction of 
hydrocarbon generation is also not practical. However, proper vehicle maintenance 
will reduce the release of non-combusted lubrication oil and diesel fuel. For example, 
vehicles need to be properly tuned by replacing fuel filters, oil filters and examining 
vehicle diagnostics and replacing faulty components. 
 
 
Figure 6-14 Variation of percentage contributions from sources to total hydrocarbons in road build-up 
samples 
 
 
Figure 6-15 Source apportionment of total hydrocarbon concentrations (on average) in road build-up 
 
Variability of contributions from non-combusted lubrication oil, non-combusted 
diesel fuel and tyre/asphalt could be attributed to differences in traffic and road 
surface conditions at different sampling sites. However, the differences 
corresponding to each sample (indicated in Figure 6-13) could not be clearly 
distinguished due to the nature of traffic activities which were highly variable.   
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Section 6.2.1 discussed the causes for variability in contributions from tyre/asphalt to 
metal build-up. Similarly, variability of contributions from tyre/asphalt wear to 
hydrocarbon build-up can vary from site to site, due to variations in road surface 
characteristics, vehicle characteristics, vehicle operation and tyre characteristics. 
 
d. Source profiles derived from the PCA/APCS receptor model and model 
performance 
Once the source contributions to the measured hydrocarbon concentrations in build-
up samples are known, the source profiles of the hydrocarbon sources can be 
determined. Similar analysis was conducted to obtain the source profiles of the build-
up and wash-off in Section 6.2.1 and 6.2.2. Using Eq.6.2, the profiles of the 
hydrocarbon sources were also estimated and results are shown in Figure 6-16. Here 
again, C20 – C32 were dominant in non-combusted lubrication oil, confirming the 
interpretations made by the PCA component matrix and HCA. The second source is 
related to non-combusted diesel fuel and tetratriacontane (C34). As shown in Figure 
6-16, C34, C14 and C16 are dominant while C10 and C20-C24 are in significant 
quantity. Tyre/asphalt wear sources show elevated concentrations for signature 
compounds such as C38-C40, while having minor quantities in low molecular 
compounds. This confirms that the assignment of the sources to component 1 to 3 as 
non-combusted lubrication oil, non-combusted diesel fuel/C34 and tyre/asphalt wear 
was reasonable as source profiles were dominant with tracer compounds. However, it 
is observed that the concentration of C8 is significant in each of the sources. Thus, 
C8 can originate from any of the sources (Figure 6-16). 
 170 Chapter 6:Source Apportionment of Road Surface Pollutants 
 
Figure 6-16 Source profiles of hydrocarbons in build-up 
 
Figure D3 in Appendix D shows the relationship between the estimated total 
hydrocarbon concentration via the PCA/APCS receptor model and the field 
measurements of total hydrocarbon concentrations in road build-up. The coefficient 
of determination (R
2
) was 0.8683 indicating that the estimated values are close to the 
measured values (Figure D3 in Appendix D). This again suggests that the 
PCA/APCS model has the ability to reproduce the measured hydrocarbon 
concentrations at a reasonable level of accuracy. 
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e. Assessing relative importance of sources by determining source contributions 
to  individual hydrocarbons in road build-up 
Analysis in Section 6.3.1(c) noted that 26%, 62%, and 12% of the hydrocarbons in 
build-up samples had originated from the non-combusted lubrication oil, non-
combusted diesel fuel/C34 and tyre/asphalt wear, respectively. Further analysis was 
required in order to assess the influence of these three sources to the individual 
hydrocarbon compounds. Therefore, in this section, percentage contributions from 
the three sources to individual hydrocarbon compounds in road build-up were 
estimated and are shown in Table 6-5, along with the coefficient of determination, R
2
 
representing correlation between estimated and measured concentration of individual 
hydrocarbons.  
 
It was found that over 64% of the alkanes from C20 to C32 can be attributed to non-
combusted lubricant oil. All of the C34 was generated from component 2 while over 
60% of C8, C12, C14 and C16 were derived from non-combusted diesel fuel. 63%-
85% of the C36 to C40 was derived from tyre/asphalt wear. Therefore, this confirms 
that major contributors of signature compounds are the sources related to the 
signature compounds. In addition to the major contributor, a significant amount can 
contribute to the signature compounds related to a particular source. For example, the 
major contributor of C20 in build-up was non-combusted lubrication oil, contributing 
63% of C20. However, 26% of C20 has originated from non-combusted diesel fuel, 
indicating a secondary source of origin of C20 in build-up samples. 
 
As seen in Table 6-5, the coefficient of determination for the estimated and field 
measured concentrations of individual hydrocarbon compounds was greater than 0.8 
with the exception of C8 (0.36), C10 (0.66), C34 (0.64) and C40 (0.48) indicating 
good fit between them. Therefore, the receptor model was considered to have the 
capability to reproduce the measured concentrations and the estimated source 
contributions in build-up samples are reliable except for a few compounds. 
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Table 6-5 Source contributions to the individual hydrocarbon compound in build-up 
Compound 
Non 
combusted 
emissions 
Diesel 
emissions/C34 
Tyre/Asphalt 
wear 
R
2
 
C8 7.1 60.5 32.4 0.36 
C10 32.8 30.0 37.2 0.66 
C12 -7.7 64.3 43.4 0.80 
C14 1.0 74.7 24.3 0.93 
C16 19.4 64.4 16.2 0.91 
C20 63.6 26.7 9.7 0.93 
C22 84.4 9.9 5.8 0.96 
C24 91.5 3.1 5.4 0.98 
C26 96.9 -3.4 6.5 0.98 
C28 99.9 -2.4 2.6 0.96 
C30 101.3 -4.4 3.1 0.96 
C32 96.5 2.3 1.2 0.94 
C34 -10.5 119.3 -8.8 0.64 
C36 6.3 15.4 78.3 0.88 
C38 -17.3 32.0 85.4 0.80 
C40 20.0 16.6 63.3 0.48 
 
6.3.2 Hydrocarbon wash-off 
a. Source identification 
It was hypothesised that the hydrocarbons in wash-off from road surfaces would 
ideally have the source attributes of hydrocarbons in build-up. To test this 
hypothesis, the hydrocarbon test results for wash-off samples collected from Via 
Roma Drive (C4) and Yarrimbah Drive (R4) were used. The sources of hydrocarbons 
and their contributions to wash-off were determined by applying the PCA/APCS 
model separately for the two data sets.  
 
Non detected compounds in the majority of the samples were removed from the 
analysis. Compounds C8, C14 and C40 and C8, C12, C14, C16, C20, C36 were 
excluded from sites C4 and R4 data sets, respectively (see Table 5-12, Chapter 5 for 
frequency of detection of compounds in wash-off samples). Hydrocarbon 
concentrations are in mg/L units. 
 
The PCA analysis was conducted to identify the sources based on the rotated 
component matrices for each of the data sets. The components were extracted such 
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that the eigenvalues are >1 and the resulting component matrices are shown in Table 
6-6. 
 
Two components were extracted, explaining 87.1 % and 85.0 % of total variance for 
the wash-off concentration data from sites C4 and R4, respectively. As seen in Table 
6-6(a) component 1 is characterised with C16 to C30 while C32 to C38 are highly 
correlated with component 2. As such, component 1 (C16 to C30) showed mix 
source signatures of non-combusted lubricant oil and non-combusted diesel fuel 
(Carlsson, et al., 1999). Accordingly, it can be denoted as vehicle emissions. 
Component 2 primarily consists of high molecular compounds, indicating 
tyre/asphalt wear as sources of their origin (Kennedy and Gadd, 2000). Therefore, it 
can be concluded that even though the PCA resolved into two components, source 
attributes of hydrocarbons in wash-off at site C4 are similar in relation to the sources 
of hydrocarbons in build-up on road surfaces. 
 
Table 6-6(b) shows the two components extracted by PCA for the R4 data set. 
Component 1 is characterised with C24 to C28, C32 and C38 and component 2 is 
characterised with C10, C22, C24, C30 and C34. Compounds associated with 
component 1 can originate from non-combusted lubrication oil. However, a 
compound such as C30 is also needed to originate from non-combusted lubrication 
oil, but C30 is associated with component 2. Component 2 is a combination of high 
molecular and low molecular weight compounds. Hence, source assignments to the 
extracted components are questionable. A more comprehensive data matrix 
containing a range of compounds was required to identify the sources at the site R4. 
 
Hierarchical cluster analysis (HCA) was carried out to evaluate the robustness of the 
results of PCA at sites C4 and R4. Resulting dendrograms are given in Figure D4 and 
D5 in Appendix D. Similar clusters of hydrocarbons were identified in HCA, the 
same as with PCA. Therefore, it can be concluded that vehicle emissions and 
tyre/asphalt wear are the sources of hydrocarbons in wash-off at site C4, while 
showing mixed source characteristics at site R4. 
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Table 6-6 Rotated component matrices for wash-off data 
(a) C4 
 
(b) R4 
Compound 
Component 
 
Compound 
Component 
1 2 
 
1 2 
C10     
 
C10   0.98 
C12   0.62 
 
C22   0.95 
C16 0.99   
 
C24 0.68 0.67 
C20 0.98   
 
C26 0.92   
C22 0.98   
 
C28 0.97   
C24 0.97   
 
C30   0.87 
C26 0.95   
 
C32 0.86   
C28 0.85 0.52 
 
C34   0.66 
C30 0.64 0.76 
 
C38 0.93   
C32 
  0.93 
 
% of 
variance 
43.70 41.30 
C34 
  0.96 
 
Cumulative 
% 
43.70 85.00 
C36   0.94 
    C38   0.81 
    % of 
variance 
50.50 36.60 
    Cumulative 
% 
50.50 87.10 
     
b. Source apportionment by PCA/APCS receptor model  
The average percentage contribution from each identified source to wash-off samples 
was estimated. It was found that 61% of the total hydrocarbons in wash-off at site C4 
had originated from vehicle emissions. Tyre/asphalt wear contributed to the rest of 
the hydrocarbons (39%). Therefore, vehicle emissions are the major contributor of 
hydrocarbons in wash-off at site C4.  
 
The estimated contributions from mix source 1 (component 1) to hydrocarbon wash-
off from site R4 was 73% and the second source indicated 27% of contributions to 
hydrocarbons. Due to uncertainties in source assignment to extracted components, it 
was difficult to derive firm conclusions regarding the sources of hydrocarbons in 
wash-off at site R4.  
 
Accordingly, there is a need for a comprehensive data set to identify sources and 
thereby the contributions can be determined using a receptor model. In addition to 
the aliphatic hydrocarbons (n-alkanes) measured in this study, evaluation of aromatic 
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compounds (polycyclic aromatic hydrocarbons) would provide a comprehensive data 
matrix for source identification as the some of the aliphatic compounds were not 
detected in wash-off samples.   
 
6.4 CONCLUSIONS 
In this chapter, sources contributing to build-up and wash-off were identified using 
multivariate analytical techniques, namely, principal component analysis and 
hierarchical cluster analysis. The principal component analysis/absolute principal 
component scores receptor model was used to determine the source contributions. 
Source identification and the contributions estimated from the PCA/APCS receptor 
model provided meaningful results, for comparison with the characteristics of 
individual sites and proving the ability for generating robust knowledge in source 
characterisation of build-up and wash-off from road surfaces. 
 
Table 6-7 and Table 6-8 depict the identified sources of metals and hydrocarbons in 
build-up on road surfaces and wash-off from road surfaces, respectively. Average 
contributions from each identified source are also given in Table 6-7 and Table 6-8. 
The knowledge created through this analysis can be used to derive general prediction 
framework to predict the source contributions by incorporating site specific 
characteristics.  
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Table 6-7 Source apportionment of metals in road surface pollutant build-up and wash-off 
Pollutant Component Signature compounds Assigned source 
Average source 
contribution 
(%) 
B
u
il
d
-u
p
 
1 
Al, V, Cr, Mn, Fe, Co, 
Pb 
Soil and asphalt 
wear 
61 
2 Li, Cr, Ni, Zn, Mo, Sb Tyre wear 17 
3 K, Cu, Cd, Sn, Sb Brake wear 7 
4 Na, Mg, Ca Sea salt 15 
Via Roma Drive 
W
as
h
-o
ff
 1 Na, Mg, K, Ca, Cu Sea salt 65 
2 Al, V,Mn, Fe, Cu Soil 23 
3 Ni, Zn, Sn, Cd, Mo 
Traffic related 
source 
12 
Yarrimbah Drive 
W
as
h
-o
ff
 1 Al, V, Fe Soil 18 
2 Na, Mg, Ca Sea salt 65 
3 Cu, Zn 
Traffic related 
source 
17 
 
Table 6-8 Source apportionment of hydrocarbons inroad surface pollutant build-up and wash-off 
Pollutant Component Signature compounds Assigned source 
Average 
Source 
contribution 
(%) 
B
u
il
d
-u
p
 
1 C20 to C32 
Non-combusted 
lubrication oil 
26 
2 C36, C40, C8, C10 
Non-combusted 
diesel fuel, C34 
62 
3 C12 to C26, C34 
Tyre/Asphalt 
wear 
12 
Via Roma Drive 
W
as
h
-o
ff
 
1 C16 to C30 
Vehicle 
emissions 
61 
2 C32 to C38 
Tyre/Asphalt 
wear 
39 
Yarrimbah Drive 
W
as
h
-o
ff
 
1 C24 to C28, C32, C38  Mix source 1 73 
2 
C10, C22, C24, C30, 
C34 
Mix source 2 27 
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 Mathematical Models to Evaluate Chapter 7:
Road Surface Pollutant Source 
Contributions  
7.1 BACKGROUND 
Ability to estimate pollutant concentrations of metals and hydrocarbons is essential 
in stormwater quality modelling. A range of methodologies are already available for 
estimating pollutant concentrations. For example, mathematical models have been 
developed by Gunawardena (2012) and Mahbub (2011), incorporating location 
specific characteristics of catchments to estimate a limited set of heavy metals and 
hydrocarbons in road build-up. However, a primary issue relating to most of these 
approaches is that they are limited to a few key pollutant species. Applicability of 
such estimations in designing stormwater treatment measures is compromised since 
there can be the influence of non-estimated pollutants on an estimated pollutant. 
Instead of estimating concentrations of individual pollutant species, estimates of 
contributions from a certain pollutant source to the pollutant mixture provide 
information related to a range of pollutant species that are associated with a source. 
Hence, the estimations of source contributions will facilitate in designing effective 
treatment measures. Additionally, in terms of implementing source control measures, 
these estimations are valued since they provide information regarding which critical 
sources are to be controlled. 
 
The analysis in Chapter 6 identified and quantified the contributions from sources 
responsible for pollutant build-up on road surfaces. However, the applicability of 
estimated contributions for planning and treatment decision making is constrained 
due to their site specific variability. The estimated source contributions are related 
with corresponding study site characteristics. Therefore, it is necessary to develop 
mathematical models that can be used to predict source contributions to pollutant 
build-up at any given location, using a range of site specific characteristics.  
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In this context, Chapter 7 primarily focuses on developing mathematical models to 
predict the contributions from sources to pollutant build-up on road surfaces, 
incorporating location specific characteristics, such as land use and traffic. The 
procedure adopted for developing predictive equations is the key to accuracy and 
reliability. Therefore, this chapter initially describes the procedures adopted in 
selecting and determining influential site specific characteristics for the development 
of mathematical models to estimate the source contributions. The detailed procedures 
adopted for both derivation and validation of models are also discussed. Finally, 
practical implementations of developed models are presented. In this chapter, 
mathematical models were developed only to estimate source contributions to 
pollutant build-up due to uncertainties identified in Chapter 6 in relation to the source 
apportionment of wash-off pollutants. 
 
7.2 PREDICTION OF SOURCE CONTRIBUTIONS TO THE ROAD SURFACE 
POLLUTANT BUILD-UP 
7.2.1 Selection of explanatory variables 
Careful selection of explanatory (independent) variables that describes the 
characteristics of the identified sources and pollutant transfer pathways was an 
important part of developing the predictive methodology. In this regard, two criteria 
were used to select explanatory variables. Firstly, the underlying data to populate 
explanatory variables needed to be readily available or easily measurable. Secondly 
and most importantly, explanatory variables needed to account for site specific 
characteristics that describe pollutant generation, accumulation and/or redistribution 
of pollutants on road surfaces. 
 
The identified sources of metals in road build-up were soil and asphalt wear, tyre 
wear, brake wear and sea salt (Section 6.2.1). The sources of hydrocarbons were non-
combusted lubrication oil, non-combusted diesel fuel and tyre/asphalt (Section 
6.3.1). A set of explanatory variables that can account for the variations in 
contributions from these sources to build-up among sites was selected, based on the 
above two criteria. The selected variables and justification for the selection are 
described below. 
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Population  
Duncan (1999) found that a positive relationship exists between total nitrogen and 
population density. High concentrations of total nitrogen were associated with high 
population densities. However, correlation between population and stormwater 
quality can vary, depending on the analysed pollutant. In this study, the relationship 
between metals and hydrocarbons was investigated by considering population as an 
explanatory variable that influences the contributions to build-up on road surfaces. In 
addition, population is often used as a measure of the degree of anthropogenic 
activities such as traffic in a given region. Here, residential and non-residential 
population within a specific area was used as population. Further details are given in 
Section 7.2.2. 
 
Daily traffic volume 
A range of studies, including Gunawardena (2012) and Davis, et al. (2001) have 
observed strong correlations between the presence of heavy metals on road surfaces 
and traffic related variables. Traffic not only influences the generation of certain 
pollutant elements/compounds, but also influences the redistribution of pollutants 
due to changes in the particle size of deposited pollutants by vehicle tyre abrasion. 
The fine particles have a high tendency to re-suspend into the atmosphere by 
vehicular induced turbulence or wind. Among a range of traffic variables, traffic 
volume is considered to be influential (Gunawardena, 2012) and practically 
obtainable from common databases. In this context, daily traffic volume was 
considered as an explanatory variable. 
 
Road surface roughness  
Road surface roughness is an influential parameter in relation to the accumulation 
and generation of pollutants on roads. Mahbub (2011) found that road surface texture 
depth as a factor that alters traffic related pollutants on road surfaces. Hence, texture 
depth as a measure of road surface roughness was considered as another explanatory 
variable. 
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Impervious fraction 
As soil is identified as a major source of build-up pollutants, the fraction of 
impervious surface cover can be considered as an influential factor. A higher 
impervious fraction could lower the contribution from soil to road surface pollutants. 
In addition, the impervious surface itself is a factor that influences the generation of 
asphalt wear and tyre wear.  
 
Distance from the coastline 
In this study, sea salt was identified as a source of metals in road build-up. The 
presence of sea salt at a given site is best described by the distance from the 
coastline. Therefore, distance from the coastline to the given site was considered as 
an explanatory variable in this study. 
 
Road geometry 
Slope of the road is a cause for generation of pollutants and accumulation on the road 
surfaces. In particular, braking patterns in roads with steep slopes can differ in 
comparison to roads with mild slopes and will eventually vary the amount of brake 
wear generation. Also, this influences tyre wear generation. Fuel consumption and 
related emissions from vehicles can also be varied with the geometrical changes of 
roads. Therefore, the longitudinal slope of the road was considered as an explanatory 
variable.    
 
7.2.2 Data for explanatory variables for the current study sites 
The pollutant build-up sampling was conducted at 16 road sites in this study. 
Accordingly, population, daily traffic volume, texture depth, impervious fraction, 
distance from the coastline and slope of the road were estimated (or collected) 
relevant to each of the sampling locations. This data set served as the calibration data 
set for developing the predictive equations. 
 
Selection of effective source contributing area  
Pollutant build-up is a complex process, where sources from the immediate vicinity 
to quite a distance apart can contribute. Therefore, it was necessary to decide the 
effective spatial limits where the sources can contribute to build-up in a particular 
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location, prior to estimating the data for explanatory variables such as impervious 
area fraction and population. The other variables are unique to the considered road 
site and not dependent on space attributes.  
 
As shown in Figure 7-1, the area within a radius of 250 m from the sampling point 
was considered in this study as an “effective source contributing area” for a sampling 
point. The approximate spatial coordinates of each of the 16 sampling points are 
given in Table 4-1 in Chapter 4. The decision to select an area of 250 m radius was 
based on findings from a range of past studies. For example, Maynard et al. (1983) 
studied a sulphur deposition in soil at two sites close to sulphur generating sources 
(50 m and 200 m) and two sites away from the sources (9 km). They have noted that 
the two sites close to the sources had significantly high sulphur load compared to 
other sites. However, in their study, only two sites very close each other were 
selected and could not be used to determine the typical distance a pollutant 
particulate travels, as they have not studied other sites which were within 200 m and 
9 km. Sharma et al. (2009) noted that the influence of traffic flow on concentrations 
of total suspended particulate matter lies between 0-250 m away from a highway. 
They studied locations more than 500m distance away from (perpendicular distance) 
the highway. They have further noted that particles less than 10 µm show significant 
decrease in concentrations within a 250 m distance. This confirms that fact that 
relatively coarser particles deposit within 250 m. The transport of pollutants in the air 
particularly depends on the wind direction. In order to capture the wind effect on 
pollutant transport, a radial distance from the sampling point was considered in this 
study (Barzyk et al., 2009). Therefore, this formed the basis for selecting an area 
enclosed within a 250 m radius as the effective source contributing area for build-up 
at a particular location. This covers a catchment area of about 20 ha.  
 
Figure 7-1 Effective source contributing area for a sampling point 
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Determination of population within the effective source contributing area 
(Effective population-EPOP) 
Population within the effective source contributing area (referred as effective 
population) was calculated as a sum of residential and non-residential population. 
Residential population was calculated according to Eq. 7.1, using average people per 
household data in each suburb as given in Table 7-1. The values given in Table 7-1 
were based on the census of population and housing conducted by the Australian 
Bureau of Statistics in August 2011. This is the latest census data available for the 
region. The influence of increase of pollution from August 2011 to July 2013 (build-
up sampling period was from September 2012 to July 2013) to the average number 
of people per household is considered to be minimal. Non- residential population 
(Industrial and/or commercial) was calculated considering average floor space 
utilised per employee in an industrial or commercial precinct (Eq. 7.2). The average 
floor space utilisations in different non-residential precincts are shown in Table 7-2 
(GCCC, 2010). Though the residential and non-residential population derived using 
Eq. 7.1 and Eq. 7.2 are estimates, it was considered that the values are adequate for 
the development of mathematical models. 
 
𝑅𝑒𝑠𝑖𝑑𝑒𝑛𝑡𝑖𝑎𝑙 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 = 𝑁 × 𝑃                                                                                            Eq. 7.1 
 
where,  
N- Number of houses within the effective source contributing area 
P- Average people per household 
 
𝑁𝑜𝑛 − 𝑟𝑒𝑠𝑖𝑑𝑒𝑛𝑡𝑖𝑎𝑙 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 =  ∑
𝐴 × 𝐹
𝐸
                                                                     Eq. 7.2  
 
where, 
A- Gross floor area of an industrial or commercial building  
F- Number of floors in the building 
E- Average floor space utilisation per employee 
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Table 7-1 Average number of people per household in different suburbs (ABS, 2011b) 
Suburbs 
Average people per 
household 
Clearview Estate 2.5 
Nerang 2.5 
Surfers Paradise 1.9 
Benowa 2.8 
 
Table 7-2 Average floor space utilisation in non-residential precincts(GCCC, 2010) 
Non-residential 
precinct 
Average floor space 
utilisation (m
2
 per 
employee) 
Retail 25 
Office 15 
Industry 213 
Other community 
uses  
31 
 
Daily traffic volume and road surface texture depth 
The daily traffic volumes (DTV) for the 16 roads were obtained from the Gold Coast 
City Council, Queensland, Australia. Roads sites selected in this study are similar to 
the sites used by Gunawardana (2011). The surface texture depths (TD) of the roads 
were obtained by Gunawardana (2011) as noted in Table 4-1 in Chapter 4. 
 
Determination of effective impervious fraction (EIF), distance from the coastline 
to the sampling point (DIS) and slope of the road section (SLP) 
Measurements of impervious area and distance from the coastline to the sampling 
point were determined using Nearmap (2014). Figure 7-2 shows the sample images 
of the demarcated impervious area and distance measurements from the coastline. 
The effective impervious area includes roads, roofs and driveways within the 
effective area. The percentage fraction of impervious area within effective area 
(20ha) was estimated and referred as “effective impervious fraction”. The same 
mapping product was used to determine the slope of the road section (50m road 
section across the sampling point was considered). Table 7-3 shows the complete 
data set of the selected explanatory variables that was used to develop the 
mathematical models. 
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Figure 7-2 Determination of (a) impervious area and (b) distance from the coastline to the sampling 
points 
 
7.2.3 Mathematical models to predict the source contributions to pollutants 
build-up 
A common modelling approach used for the prediction of pollutant loads in urban 
water quality studies is linear regression. Multiple linear regression (MLR) analysis 
is used when the user needs to obtain the relationship between a dependent variable 
and two or more explanatory variables. In this study, MLR was performed to derive 
the mathematical models to predict the source contributions to pollutant build-up by 
incorporating explanatory variables described in Section 7.2.1. The objective was to 
develop separate sets of mathematical models for metals and hydrocarbon build-up.  
 
The first step in developing mathematical models using MLR is the selection of the 
best subsets of explanatory variables among the six explanatory variables (EIF, DTV, 
EPOP, TD, SLP, and DIS). Here, the best subsets of explanatory variables are the 
variables that best contribute to reliable prediction of the dependent variable. For this 
purpose, best subsets regression was performed. In this analysis the best set was 
selected by systematically searching through the different combinations of the 
explanatory variables. The selected best set has the highest adjusted coefficient of 
determination (R
2
 adjusted). Further details about the best subsets regression analysis 
are given in Section 3.3.4(f). 
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Table 7-3 Data set for explanatory variables 
Site ID 
*Daily 
traffic 
volume- 
DTV 
**Texture 
depth - 
TD (mm) 
Slope- 
SLP 
% 
Distance 
from the 
coastline 
- 
DIS(m) 
Effective 
impervious 
fraction - 
EIF (%)  
Effective 
population 
- EPOP  
C1 750 0.9 0.1 1332 35.97 456 
C2 750 0.63 0.2 1107 50.63 907 
C3 3184 1.11 0.1 243 48.04 6338 
C4 1587 0.85 0.1 1098 52.36 643 
I1 3500 0.93 0.4 8992 93.07 392 
I2 6915 1.06 0.2 8424 69.75 1765 
I3 500 1.14 0.4 8896 89.94 1489 
I4 500 1.1 8.7 9601 47.95 479 
M1 500 0.9 0.1 4064 49.51 258 
M2 750 0.82 5.4 4270 52.18 390 
M3 3000 0.8 0.1 2901 60.74 310 
M4 1537 0.91 1.8 3539 52.44 223 
R1 500 0.92 4.8 11639 52.31 675 
R2 834 0.76 2.2 12788 34.97 333 
R3 750 0.87 1.2 11580 29.66 318 
R4 608 0.84 0.4 12251 19.72 55 
 * Data for daily traffic volume was obtained from Gold Coast City Council 
 **Data for texture depth was obtained from Gunawardana (2011) 
 
The relationship between the selected best subset and the corresponding dependent 
variable was then determined by performing MLR. In the meantime, the basic 
assumptions of MLR needed to be investigated to obtain robust outcomes from the 
analysis. Data sets of the explanatory variables were transformed to logarithm form if 
the assumptions were violated. Transformed data was again subjected to best subsets 
regression followed by MLR.  
 
As a final step, applicability of the developed mathematical models was evaluated by 
comparing performances of the equations under varied scenarios of explanatory 
variables. Accuracy and the validity of the equations were also tested. For this 
purpose, two statistical measures, namely, coefficient of determination (R
2
) and 
relative prediction error (RPE) were used for guidance. High R
2
 and low RPE 
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indicate a good performance of developed equations with respect to measured data. 
Furthermore, the leave-one-out cross validation technique was used to test the 
validity of the equations. This was to test the performance of the models in their 
application to sites which were not monitored. The resulting standard error of cross 
validation (SECV) from leave-one-out cross validation technique was used as the 
measure. Low SECV provides good prediction for a different data set. The details of 
each of the measures are given in Section 3.3.4. 
 
(a) Metals  
The dependent variable for the multiple linear regression analysis was the estimated 
source contributions from identified sources to total metal build-up on road surfaces 
(Section 6.2.1). The independent variables were the explanatory variables, namely, 
effective impervious fraction (EIF), daily traffic volume (DTV), effective population 
(EPOP), distance from the coastline to the sampling point (DIS), slope of the road 
section (SLP) and surface texture depth (TD). Hence, the source contributions can be 
denoted as a function of the explanatory variables as given in Eq. 7.3. 
 
𝐶𝑀1, 𝐶𝑀2, 𝐶𝑀3, 𝐶𝑀4 =  𝑓 (𝐸𝐼𝐹, 𝐷𝑇𝑉, 𝐸𝑃𝑂𝑃, 𝐷𝐼𝑆, 𝑆𝐿𝑃, 𝑇𝐷)                                         Eq. 7.3 
 
where, CM1, CM2, CM3 and CM4 are source contribution from soil and asphalt 
wear, tyre wear, brake wear and sea salt to metal build-up in mg/g respectively. 
 
The best subsets regression was carried out for the data sets using SigmaPlot 
software (SigmaPlot, 2013a). Figure 7-3 shows the results obtained for CM1. As it 
can be seen in Figure 7-3, Model 1 has the highest R
2
 adjusted value (0.431) and the 
associated explanatory variables are DTV and EIF. Based on this, DTV and EIF were 
selected as the best explanatory variables for predicting CM1. In the next step, MLR 
was conducted while evaluating the assumptions. For this, ‘assumptions checking 
options’ provided in SigmaPlot software were used to assess the three assumptions.  
The three assumptions were: 
 Normality testing using Kolmogorov-Smirnov test; 
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 Constant variance testing using Spearman rank correlation between the 
absolute values of the residuals and the observed value of the dependent 
variable; 
 Independency of residuals using Durbin-Watson Statistic (SigmaPlot, 
2013b). 
 
It is recommended to transform the data sets to logarithm form, if the assumptions 
were violated. Data is transformed into logarithm form and the procedure is repeated 
if one of the test assumptions is violated. For predicting CM1, all three assumptions 
were satisfied. For CM2 and CM3, relationships were developed based on log 
transformed data while for CM4, it was based on original data. 
 
 
Figure 7-3 Best subsets regression results for CM1 
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The developed predictive equations are given in Table 7-4. Validity of the developed 
equations was checked considering their applications in practical scenarios. In this 
regard, sign of the regression coefficient was used to evaluate whether equations are 
intuitively logical (May, 2011). As seen in Table 7-4, the predictive equation of CM1 
reveals that the contribution from soil and asphalt wear to the metal build-up is 
negatively associated with EIF and DTV. Negative regression coefficient of EIF 
indicates that the increase in impervious fraction results in the decrease in soil 
contribution to the metal build-up on roads. This is appropriate since pervious areas 
typically contribute soil to the roads. As noted earlier, DTV is an influential factor 
for both pollutant generation and redistribution. The negative association of DTV 
with the CM1 therefore is attributed to the fact that pollutant redistribution is 
dominant.  
 
The equation developed for CM2 represents the contribution from tyre wear to the 
metal build-up (Table 7-4). It indicates that CM2 is positively associated with DTV, 
TD and EPOP. Such association is intuitively logical since it is commonly noted that 
traffic volume and road roughness contribute to tyre wear generation and population 
around the vicinity correlates to the rest of the traffic characteristics such as 
congestion and speed (Thorpe and Harrison, 2008).  
 
The contribution from brake wear (CM3) to build-up can be predicted using TD and 
it has a negative association with CM3 (Table 7-4). Braking effort needed for 
decelerating vehicles on smooth road surfaces (low TD) would be higher than on 
rough road surfaces due to reduced frictional forces induced between the tyre and 
road surface. Hence, high TD results in low level of brake wear on the road surfaces, 
indicating a negative association of TD with CM3. However, the predictive equation 
is not a function of traffic volume on the road. Hence, it limits the use of this 
equation in situations where roads have the same road texture depth, but different 
traffic volumes result in the same amount of brake wear. 
 
CM4, sea salt contribution to the metal build-up can be predicted using the 
mathematical model given in Table 7-4. DIS, EIF and EPOP are the explanatory 
variables for the sea salt contribution to the metal build-up. As expected the distance 
from the coastline showed a negative relationship with sea salt, suggesting roads far 
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from the coastline could have less sea salt contribution. The other input variables, 
EIF and EPOP, account for the redistribution of accumulated metals on the road 
surfaces. 
 
Table 7-4 Mathematical models to predict the contributions from metal sources 
Dependent 
variable 
Independent 
variables 
Coefficient R R
2
 RPE  SECV 
CM1-soil 
and 
asphalt 
wear 
Intercept 81.478 0.712 0.507  0.1769  11.7153 
DTV -0.00475 
 
      
EIF -0.262 
 
      
CM1 = 81.478 - 0.00475*DTV - 0.262*EIF 
Log CM2- 
Tyre wear 
Intercept 0.399 0.795 0.631  0.2527 0.3140 
Log DTV 0.74 
 
      
Log TD 4.812 
 
      
Log EPOP -0.511 
 
      
Log CM2  = 0.399 +0.74*Log DTV + 4.812*Log TD - 0.511*Log EPOP 
Log CM3- 
Brake 
wear 
Intercept 0.492 0.62 0.385  0.4154 0.3563 
Log TD -4.069 
 
      
Log CM3 = 0.492 - 4.069*Log TD 
CM4- sea 
salt 
Intercept 31.548  0.794 0.63 0.3526  6.6924 
DIS -0.000505         
EIF -0.298         
EPOP 0.00205         
CM4 = 31.548 - 0.000505*DIS - 0.298*EIF + 0.00205*EPOP 
 
The next step of the analysis was undertaken to determine the accuracy and 
reliability of the predictive equations with respect to the observed values. In that 
context, coefficient of determination (R
2
), relative prediction error (RPE) and the 
standard error of cross validation (SECV) were examined. As seen in Table 7-4, R
2
 
values for CM1, log CM2, log CM3 and CM4 were 0.51, 0.63, 0.38 and 0.45, 
respectively. The values closer to 1 indicate a good fit between observed and 
predicted values. However, it has been reported in research literature that 
comparatively lower R
2
 values can result from regression modelling approaches due 
to the complexity of the environment systems. For example, Dougherty et al. (2006) 
developed a range of equations to predict the pollutant fluxes in an urbanising 
catchment and equations have R
2
 values ranging from 0.13 to 0.75. Therefore, it can 
be noted that the developed equations in this study are within the limit of R
2
 for 
noisy pollutant distributions on urban road surfaces.  
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The observed and predicted values of source contributions of CM1, log CM2, log 
CM3 and CM4 are graphically presented in Figure 7-4 in order to understand the 
extent of noise of the observed values and to visualise the predictive ability of the 
equations. It can be seen that the predictions of source contributions show good 
agreement with observed values with few exceptions. As seen in Figure 7-4(a), 
model over estimates the contribution from soil and asphalt wear to build-up on road 
I1 (Hildon Court), whereas the equation underestimates the contribution to build-up 
on site R1 (Carine Court). Sea salt contribution to the road build-up at site C4 (Via 
Roma Drive) also shows a comparatively higher estimation than the observed value. 
Other than that, it can be seen that there is good prediction by the developed 
mathematical models. 
 
The cross validation of the developed models was carried out to check the possibility 
of applying them to unmonitored sites. Leave-one-out validation was performed as 
the data set was small (Gunawardena et al., 2014; May, 2011). As shown in Table 7-
4, SECV for log CM2 and log CM3 equation is less than 1, which indicates good 
predictability. However, SECV is relatively high for the equations for CM1 and 
CM4, which reduces the confidence of using them at unmonitored sites. However, 
relative prediction errors (RPE) of the four equations are comparatively low and 
within the acceptable error limits for an environmental system. Mahbub, et al. (2011) 
developed models to predict volatile organic compounds on urban road surfaces and 
found that RPE for models was in the range of 10-40% for confirming the accuracy 
of the models. Therefore, it can be concluded that the models developed to predict 
source contributions to metal build-up are reasonably accurate, considering accuracy 
measures R
2
, SECV and RPE. 
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Figure 7-4 Predicted and estimated source contributions to metal build-up on road surfaces 
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(b) Hydrocarbons  
A set of mathematical models were developed to predict the contributions from 
identified hydrocarbon sources to build-up on road surfaces. In this regard, the 
identified sources and their contributions as estimated in Section 6.3.1 were used as 
dependent variables. They are contributions from non-combusted lubrication oil 
(CH1), non-combusted diesel fuel (CH2) and tyre/asphalt wear (CH3). Explanatory 
variables considered were similar to the variables considered for metal contributions 
and were, namely, EIF, DTV, EPOP, SLP and TD. However, the variable DIS was 
not considered for hydrocarbon analysis. Here again, best subset regression analysis 
was performed in order to obtain the best possible explanatory variables and the 
other steps were also similar to the metal analysis described above.   
 
Table 7-5 shows the predictive equations developed for each source of hydrocarbons 
along with accuracy measures (R
2
, RPE and SECV). As seen in Table 7-5, CH1 is 
positively associated with DTV, SLP, and EPOP, while negatively associated with 
TD and EIF. Even though it was challenging to describe the association of all of the 
individual explanatory variables separately with contributions from non-combusted 
lubrication oil, the positive association of traffic volume (DTV) is clear. It is possible 
that high DTV results in high lubrication oil. The variables such as SLP and TD are 
influential factors for changing the traffic movements, which in turn influence 
pollutant generation. Association of effective population (EPOP) could be due to 
spillages of lubrication oil. 
 
The contribution from non-combusted diesel fuel CH2 is associated with DTV, SLP 
EIF and EPOP (Table 7-5). Positive association of DTV with CH2 is logical as 
increase in DTV increases the release of diesel fuel. Similarly, increase in SLP may 
influence the generation of non-combusted fuel due to the requirement of more 
engine effort. Negative association with EIF and EPOP could be attributed to 
hydrocarbon distribution.    
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Table 7-5 Mathematical models to predict the contributions from hydrocarbon sources 
Dependent 
variable 
Independent 
variables 
Coefficient R R
2
 RPE SECV POT 
log CH1 
(non-
combusted 
lubrication 
oil) 
Intercept 0.822 0.878 0.771 0.1808 0.1998  0.991 
log DTV 0.166           
log TD -2.859           
log SLP 0.155           
log EIF -2.348           
log EPOP 0.585           
log CH1 = 0.822 + 0.166*log DTV -2.859*log TD + 0.155*log SLP -2.348*log EIF + 0.585*log 
EPOP 
 log CH2 
(non-
combusted 
diesel fuel) 
Intercept 1.766 0.799 0.638 0.6019  0.2220  0.933 
log DTV 0.513           
log SLP 0.245           
log EIF -1.472           
log EPOP -0.303           
log CH2 = 1.766 +0.513*log DTV + 0.245*log SLP - 1.472*log EIF -0.303*log EPOP 
log CH3 
(Tyre/Asphalt 
wear) 
Intercept 1.955 0.763 0.582 0.5590  0.2620  0.81 
log DTV -1.272           
log SLP -0.407           
log TD 1.481           
log EIF 0.943           
log CH3 = 1.955 -1.272*log DTV -0.407*log SLP +1.481*log TD +0.943*log EIF 
 
The contribution from tyre/asphalt wear to the hydrocarbon build-up (CH3) is 
negatively associated with DTV and SLP and positively with TD and EIF. As this is 
a common source for both, hydrocarbons and metals, the mathematical models 
developed in the previous section (CM1 and CM2) can be comparable with CH3. 
CM1 and CM2 are the metal contributions from asphalt wear (and soil) and tyre 
wear, respectively. As noted in Table 7-5, DTV is associated with CM1 (negatively) 
and CM2 (positively). Negative association can be described by pollutant 
redistribution and positive association attributed to pollutant generation on road 
surfaces. As such, hydrocarbon redistribution caused by DTV is dominated over 
generation where negative association of DTV with CH3 can be acceptable. Positive 
association of TD with CH3 is also logical, since rough road surfaces provide 
favourable conditions for generating both, tyre and asphalt wear. 
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Here again, two statistical measures, namely R
2
 and RPE, were used to evaluate the 
accuracy of the predictions by the equations developed. R
2
 values are in the range of 
0.6-0.8 (Table 7-5) indicating good fit between estimated and predicted source 
contributions. RPE value for the model CH1 is 0.18 while it is comparatively high 
for CH2 (0.60) and CH3 (0.56). However, all of them are well within the error limits 
of mathematical models of an environmental system (Mahbub, et al., 2011). 
Additionally, SECV for the three equations were also estimated in order to confirm 
the validity of the equations for different data sets. The estimated values are very low 
(<0.26) indicating good prediction capability. The predicted and estimated CH1, 
CH2 and CH3 are visually interpreted in Figure 7-5(a), (b) and (c), respectively. 
Here again, good fit between predicted and estimated values can be observed, except 
for the predictions of CH2 and CH3 at sites C4 and M3. 
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Figure 7-5 Predicted and estimated contributions (in mg/g) to hydrocarbon build-up on road surfaces 
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7.2.4 Summary of developed mathematical models 
Key explanatory variables  
Among the six different explanatory variables considered, the most important trend 
was the predominance of the daily traffic volume (DTV) in most of the predictive 
equations in both metals and hydrocarbons. However, the positive and negative 
regression coefficient for different equations for DTV suggests that the daily traffic 
volume is a cause for either pollutant generation or redistribution from road surfaces. 
The positive regression coefficient in the models reflect the fact that pollutant 
generation is dominated over the redistribution, and negative coefficients reflect the 
vice versa. As traffic activities in urban areas continues to rise, the ability to control 
pollutant generation at its source is minimal.  
 
The effective impervious area fraction (EIF) also played an important role in the 
mathematical models developed. It is a factor indicating pollutant generation (for 
tyre/asphalt wear), accumulation (for soil), providing a platform for pollutant 
accumulation and redistribution. Here again, the sign of the regression coefficient 
defines the most dominant process. Based on the behaviour of EIF in mathematical 
models, suggestions can be made for effective source control measures. It is apparent 
that impervious surfaces could be manifested and managed such that pollutant 
generation and transport is minimal. However, based on the EIF behaviour of soils as 
a source, effective management of the pervious fraction is the most critical in relation 
to pollutant accumulation on road surfaces.  
 
Texture depth (TD) appears in four models (CM2, CM3, CH1 and CH3) and can be 
considered as a direct measure of road surface roughness. Depending on the source 
of pollutants, TD plays contrasting roles. For example, rough road surfaces are 
favourable for more pollutant generation via tyre/asphalt wear while smooth surfaces 
are creating favourable conditions for more brake wear generation due to high 
braking effort. Also, texture depth of the road surface is critical in pollutant 
accumulation, as pollutants can adhere to voids in surfaces. As a proactive measure 
of pollution control, it can be suggested to design for optimum road surface texture 
depths. However, outcomes of this study are inadequate to support the determining 
of thresholds for designing the optimum texture depths.  
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The key explanatory variable relating to road geometry and slope (SLP), did not 
appear in any models developed to predict the source contributions of metals. 
However, it is an influential parameter for hydrocarbon prediction since it appears in 
three models. Effective population (EPOP) appears in some of the models and it was 
mostly attributed to pollutant redistribution. The distance from the coastline was the 
only influential factor for sea salt accumulation on road surfaces. 
 
Implementation of developed mathematical models 
Detail sampling programs are time consuming and expensive. As an alternative, 
mathematical models can be used to predict water quality in the absence of 
monitored water quality data.  Predictions of urban stormwater quality allow 
managers and planners to design treatment strategies more effectively for reducing 
pollutant loads entering receiving water bodies. In this context, the mathematical 
models developed can be used in such situations to evaluate potential pollutant 
concentrations and loads. 
 
In order to demonstrate the applicability of the equations developed, a validation 
study was conducted. The data considered for the validation study was obtained from 
a sampling program conducted by Gunawardena (2012). The validation study 
primarily focused on predicting metal concentrations at the study sites investigated 
by Gunawardena (2012). The study by Gunawardena (2012) study was also 
conducted in the Gold Coast, Australia ,and hence there is a direct relevance for this 
study.  
 
Pb was adopted as the indicator metal and Dalley Park Drive was selected as the site 
of interest. In order to evaluate Pb concentration, CM1, CM2 and CM3 models given 
in Table 7-4 were used. The data required to estimate CM1, CM2 and CM3 are given 
in Table 7-6. 
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Table 7-6 Explanatory variables for Dally Park Drive  
Variable Value 
DTV 2882 (Gunawardena, 2012) 
TD 0.8342 (Mahbub, 2011) 
EIF 28.61 (Estimated) 
EPOP 340 (Estimated) 
 
The estimation procedure adopted is as follows.  
 Determined CM1, CM2 and CM3 using models given in Table 7-4 and 
data given in Table 7-6. The estimated CM1, CM2 and CM3 are the 
contributions (mg) from soil and asphalt wear, tyre wear and brake wear to 
1 g of build-up on road surfaces, respectively. Results are shown in Table 
7-7. 
 Determined the Pb contribution to build-up from each source by 
multiplying CM1, CM2 and CM2 with corresponding Pb fraction in source 
(estimated source profiles in Section 6.2.1). For example,  
o Total metals originating from the soil in 1 g of build-up = 60.27 mg 
o Fraction of Pb in soil             = 0.003 
o  Pb in 1 g of build-up             =  60.27 × 0.003 = 0.1808 mg 
 Summation of Pb concentrations originating from the three sources was 
the predicted Pb concentration in build-up. 
 
Table 7-7 Predicted Pb content in build-up 
  
Predicted 
source 
contributions 
Pb fraction in 
sources (see 
Section 6.2.1) 
Predicted 
Pb in 
build-up 
CM1 60.27 0.003 0.1808 
CM2 19.38 0.0004 0.0008 
CM3 6.49 0.0017 0.0110 
Predicted Pb content (mg/g of build-up) 0.1926 
Measured Pb content [Gunawardena (2012)] 0.2598 
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As seen in Table 7-7, predicted Pb concentration is 0.19 mg/g and the measured 
concentration was reported as 0.26 mg/g (Gunawardena, 2012). Estimation of Mn, 
Cu, Ni, and Zn were also performed and compared with the Gunawardena (2012) 
study as shown in Table 7-8. According to Table 7-8, predictions of observed metals 
loads in Gunawardena, (2012) are comparatively similar. Therefore, it can be 
concluded that the developed models have reliable prediction ability even at a 
different study site.  
 
Table 7-8 Comparison of predicted metal concentration with Gunawardena (2012) study test results 
 
Mn Cu Ni Zn Cr 
Predicted 
(mg/g) 
0.71 0.50 0.03 0.63 0.03 
Gunawardena 
(2012) study 
0.71 0.44 0.02 0.66 0.01 
 
Limitations of the developed mathematical models 
Though developed mathematical models were found to have reliable prediction 
capability, a number of inherent limitations are associated with them. The limitations 
are in two categories. These are limitations in the development of the models and 
limitations in the application of the models developed. 
 
Limitations in development of models 
 The assumed linear functional form (as in Eq. 3.5) of relationships limited 
the relationships able to be modelled to monotonic power relationships. 
Such relationships may not be able to fully represent the entire set of 
phenomena influencing pollutant accumulation and consequently the urban 
water quality.   
 
Limitations in the application of the models developed  
 The models developed in this study were limited to account for pollutant 
accumulation only on asphalt road surfaces. 
 The key sources responsible for metals in build-up were considered as soil, 
asphalt wear, tyre wear, brake wear and sea salt. Key sources of 
hydrocarbons were non-combusted lubrication oil, non-combusted diesel 
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fuels and tyre/asphalt wear. The influence of other sources of metals and 
hydrocarbons were considered to be minimal.  
 The mathematical models were capable of predicting pollutant source 
contributions under generic traffic conditions. Since the sites close to 
specific traffic related infrastructure such as signalised intersections, 
roundabouts and bottlenecks were avoided in site selection, developed 
models are not suitable for assessment of pollutants loads at such sites. 
  
7.3 CONCLUSIONS 
The following conclusions were derived from the analysis conducted in Chapter 7. 
 Contributions from primary sources of metals and hydrocarbons in road 
build-up can be estimated without detailed sampling programs. Easily 
measurable/collectable data, namely, effective impervious fraction, 
effective population, slope of the road, road surface texture depth and 
distance from the coastline can be employed for prediction at a reasonable 
level of accuracy. 
 Impervious fraction, road surface texture depth and population within an 
area having a radius of 250 m can be used as explanatory variables to 
predict contribution from soil to the metal build-up in a particular location. 
Contribution from tyre wear can be predicted using impervious fraction, 
slope of the road and the road surface texture depth. Sea salt contribution 
is especially associated with distance from the coastline. The other 
explanatory variables required to predict the sea salt contribution to road 
build-up are impervious fraction, population and road texture depth. 
 Contribution from non-combusted lubrication oil to hydrocarbon build-up 
can be predicted using daily traffic volume, texture depth, slope of the road 
and effective impervious area. Non-combusted diesel fuel contributions 
can be estimated using explanatory variables; daily traffic volume, slope of 
the road, effective impervious fraction and effective population, while 
tyre/asphalt wear contributions can be determined using daily traffic 
volume, slope of the road, texture depth and effective impervious fraction. 
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 Daily traffic volume was identified as the key factor that influences 
pollutant generation, accumulation and redistribution on road surfaces.  
 Designing road surfaces for optimum texture depth values will contribute 
to minimising the occurrence of tyre wear and brake wear. 
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 Conclusions and Chapter 8:
Recommendations for Future 
Research 
8.1 BACKGROUND  
This research study developed an in-depth understanding of the contributing sources 
of potentially toxic pollutants on road surfaces. The study included source 
apportionment (source identification and quantification of identified sources) of 
pollutants accumulated on road surfaces (build-up) and wash-off from road surfaces. 
The study also developed mathematical models to relate source contributions to 
pollutant build-up and underlying site specific characteristics.  
 
Key conclusions derived from the study are presented in four sections as given 
below, outlining the novelty of the research methodology, outcomes derived from the 
analysis and practical applications in minimising stormwater pollution. 
Recommendations for future research are also presented suggesting potential 
extension to the knowledge base.   
 
8.2 CONCLUSIONS 
8.2.1 Methodology for source identification and quantification 
This study developed a comprehensive research methodology for identification and 
quantification of sources responsible for pollutant build-up and wash-off from urban 
road surfaces. This methodology is innovative in its own right and can be repeatable 
in the context where the outcomes of this study are not directly applicable. 
 
The key steps in the methodology adopted are as follows: 
1. Data collection  
Key decisions made during data collection enabled the successful development of 
source identification and quantification methodology. The key decisions are as 
follows:  
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 Road sites needed to be selected so that they represent the mixtures of sources 
common to the study area. For this, a reconnaissance survey was conducted 
to understand the study area topography, nature of anthropogenic activities 
and traffic characteristics.  
 Prior knowledge of potential sources of road deposited pollutants is critical 
for source identification. Most common potential source for this study was 
identified as soil, tyre wear, brake wear and asphalt wear. These source 
samples were collected and tested during the study.  
 The selection of chemical species is solely dependent on the study objectives. 
In this study, metals and hydrocarbons were selected as key pollutants. The 
metal and hydrocarbon elements selected for analysis were determined so that 
they support comprehensive source identification. 24 metal elements, Li, Na, 
Mg, Al, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Mo, Rh, Pd, Cd, Sn, Sb, 
Ba, Pt and Pb were tested as they represent the tracers of common metal 
sources of road build-up. Carbon number ranging from C8 to C40 was 
analysed to identify sources of aliphatic hydrocarbons.  
 
2. Data analysis for source identification and quantification 
Different techniques exist to perform source identification of pollutants. Selection of 
appropriate techniques and utilising their capabilities to the intended tasks are the 
key for successful source identification and quantification. The selected techniques 
and their utilisation for source identification and quantification were as follows.  
 Enrichment factor analysis (EF), principal component analysis (PCA) and 
hierarchical cluster analysis (HCA) were used in this study for source 
identification. EF was used to determine the degree of anthropogenic 
influence on build-up samples. PCA was used as the primary tool for source 
identification, while HCA was used to confirm the outcomes of PCA.  
 The specific conditions needed to be employed in performing PCA so that 
final outcomes are accurate and reliable. In this study, the number of sources 
resolved by the PCA was determined by extracting principal components 
having eigenvalues greater than one. This extraction allowed retaining most 
significant components based on the variance of the data set. In addition, 
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Varimax rotation was employed to obtain the independent component in 
easily interpretable form. The assignment of sources to extracted components 
was performed by comparing components signature elements/compounds 
with signatures of potential sources that were sampled and tested during the 
study.  
 PCA/APCS receptor model was used in this study to analysis fractions of 
contributions from each identified source. PCA/APCS is convenient for use 
and able to provide robust quantification results. The interpretation of 
identified sources and their contributions based on the individual site 
characteristics was conducted to assess the performance of the analysis.   
 Performance of the PCA/APCS model was evaluated by reproducing the 
measured data and comparing with the original data set. Statistical tools such 
as coefficient of determination were used for evaluation.  
 
8.2.2 General characteristics of data sets  
Pollutant build-up 
It was found that solid build-up on road surfaces is highly site specific and showed 
limited relationship to the attributes of the land use. Among the metal elements 
tested, Na, Mg, Al, K, Ca and Fe were found in abundance in build-up. Rh, Pd and Pt 
were found in approximately four orders of magnitude less than the common metals. 
Ti, V, Cr, Co, Ni, Cu, Zn, Mo, Cd, Sn, Sb, Ba and Pb were in moderate levels of 
loading in road surface build-up having one to two orders of magnitude less than the 
common metals in build-up. The highest total metal load was reported in <75 µm 
particle size fraction. However, the other particle size fractions are also considerably 
important as there was over 11% of the total metal load attached to the >425 µm 
fraction. 
 
In commercial road sites, all the hydrocarbon compounds analysed (C8-C40) were 
detected and found in abundance. Comparatively low hydrocarbon loading was 
detected in residential areas. However, the analysis indicated that the hydrocarbon 
loading in build-up was site-specific. Similar to the metal build-up results, > 425µm 
particle size fraction played a significant role, contributing over 12% of 
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hydrocarbons in road build-up. However, influence of the finest fraction was less, 
compared to metal results due to the non-ionic form of hydrocarbons. 
 
Pollutant wash-off 
The analysis of pollutant wash-off showed that the amount of solids wash-off during 
the initial period of a runoff event was high irrespective of the rainfall intensity and 
the road site. Similar to the metal build-up, namely, Na, Mg, Al, K, Ca and Fe were 
found in abundance in wash-off. Rh, Pd and Pt were at minimum level and less 
frequently detected in wash-off.  
 
Wash-off from Via Roma Drive (commercial site) contains a high load of 
hydrocarbon compounds compared to Yarrimbah Drive (residential site) again 
confirming the site specific nature of pollutant distribution. 
 
Potential sources 
The identified signatures in terms of metals and hydrocarbons in potential sources 
(roadside soil, tyre, brake dust and asphalt) are given below. 
 Typical earth metals such as Al, Ca and Fe were found in abundance in 
roadside soil samples followed by Na, Mg, K, Ti, Mn, Ba and Pb. Potential 
toxic metals such as Cr, Cu, Zn and Cd were also found in soils in minor 
quantities. Pt, Pd and Rh were not detected in soil samples confirming 
their anthropogenic origin. Less than 1 mg/kg of aliphatic hydrocarbon 
compounds ranging from C8 to C40 were detected in soil.  
 Tests of the tyre sample confirmed the possibility of considering Zn as the 
tracer element. The concentrations of other metals were one order of 
magnitude lower than that of Zn. However, other metals such as Na, Ca, 
Al, K, Ti and Fe were detected in the tyre sample. It was found that the 
high molecular weight hydrocarbon compounds (> C32) can also be used 
as a marker compound to identify tyre wear from a mixture of sources. 
 Ca, Ti, Fe, Cu, Ba and K were dominant in brake dust and Na, Mg, Al, 
Mn, Zn and Sb were in significant amounts. Li, V, Cr, Co, Ni, Mo, Sn and 
Pb were also found in minor quantities. Hydrocarbon marker compounds 
for brake dust could not be identified.  
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 Na, Mg, Al, K, Ca, Ti and Fe were the major elements detected in the 
asphalt sample. V, Cr, Co, Ni, Cu, Zn and Pb were also present in the 
asphalt mixture with comparatively low concentrations. High molecular 
weight hydrocarbon compounds were dominant in asphalt sample (>C32) 
while C8, C14 and C16 were in minor quantities. 
 
8.2.3 Source apportionment pollutant build-up and wash-off 
Source apportionment studies were undertaken separately for metal build-up, metal 
wash-off, hydrocarbon build-up and hydrocarbon wash-off data sets. Enrichment 
factor analysis firstly identified that at least a fraction of metals in road build-up had 
originated from anthropogenic or non-soil sources. Therefore, comprehensive data 
analysis was conducted in order to investigate the sources of metals using principal 
component analysis (PCA) and hierarchical cluster analysis (HCA). The analysis was 
further extended to source apportionment using principal component 
analysis/absolute principal component scores (PCA/APCS) receptor model to 
quantify the contributions from identified sources to the pollutant mixtures. 
 
It was found that soil and asphalt wear as the key source of metals in road build-up. 
On average, 61% of the total metals had originated from soil and asphalt wear and 
had 58%-65% variation across the sampling sites. This highlights the need for 
implementing control strategies to minimise the accumulation and generation of soil 
and asphalt wear in order to reduce a high fraction of metals in stormwater runoff. 
Accordingly, managing pervious areas in the vicinity of road sites forms a critical 
part in stormwater pollution management. However, the source apportionment study 
was unable to provide suggestions for abatement of asphalt wear generation at its 
source due to the increasing use of vehicles.  
 
The other sources of metals were identified as tyre wear, brake wear and sea salts. 
Tyre wear contribution to the total metal load was 17% and showed 5%-26% 
variation across sites. On average 7% and 15% of total metals were derived from 
brake wear and sea salts while indicating 4%-9% and 13%-27% variability among 
the 16 study sites, respectively. As with asphalt wear, suggestions for the abatement 
of tyre wear and brake wear at their sources based on the knowledge gained through 
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source apportionment is beyond the scope of this study. However, quantitative 
assessment undertaken in this study has offered directives for designers to formulate 
efficient treatment measures. The variability observed in contributions from sources 
to the build-up across sampling sites was attributed to a range of site specific 
characteristics such as traffic and land use.  
 
The relative importance of four identified sources was further assessed by estimating 
their contributions to individual metal elements. This was done due to the fact that 
some elements associated with sources exert greater impact on stormwater quality 
even in minor quantities. This analysis again confirmed that soil and asphalt wear as 
the most critical sources with high percentages of contribution to the majority of 
metals. For example, over 50% of Li, Mg, Al, Ti, V, Cr, Mn, Fe, Co, Ni, Zn, Ba and 
Pb have originated from soil and asphalt wear. Brake wear showed significant 
contributions of Cu (37%) Sn (79%), Sb (29%), Mo (24%). Almost all Cd in build-
up has originated from brake wear, even though the brake wear contribution is only 
7% of total metals. Also, over 25% of Ni, Mo, Zn, Sb, Ba, Cr and Li had originated 
from tyre wear. This highlights the critical requirement for management strategies 
for brake and tyre wear. Both these two sources are critical due to their contributions 
to potentially toxic metals, even though their contributions to total metal loads were 
comparatively low. This fact underlines the requirement for environmental 
considerations in both, tyre and brake pad/lining manufacture. Such considerations 
can provide a comparative assessment between increased performance and 
environmental impacts. Key objectives of such an assessment can include reduction 
of Cu usage in brake pad/lining manufacturing, reduction of Cd use in brake parts as 
a coating and reduction of Zn use in tyre manufacturing and/or investigations for 
environmentally friendly alternatives for these metals. 
 
The source apportionment study of metal wash-off revealed that the same sources of 
build-up were responsible for metals in wash-off from road surfaces. However, PCA 
resolved brake wear and tyre wear as one source. The highest contributor to the 
metals in wash-off was sea salt, due to its solubility characteristics.   
 
The study identified non-combusted lubrication oil, non-combusted diesel fuel and 
tyre/asphalt wear as the sources of hydrocarbons. Non-combusted diesel fuel was 
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identified as the major source, as it was contributing 62% of total hydrocarbons in 
build-up. The second major source of hydrocarbons was non-combusted lubrication 
oil (26%) followed by tyre/asphalt wear (12%). It should be noted here that the 
compound C34 was also associated with the non-combusted diesel fuel. Similar to 
metal build-up, it was observed that significant deviations from average contributions 
across sampling sites were attributed to site specific characteristics.  
 
As these sources of hydrocarbons are primarily related to vehicle usage, the 
possibility of reduction of hydrocarbons at their sources is minimal. However, 
stringent guidelines relating to vehicle maintenance and registration can be effective 
in controlling contributions from sources such as non-combusted diesel fuels and 
non-combusted lubrication oils.   
 
Source apportionment of wash-off of hydrocarbons highlights the need for more 
comprehensive data matrix containing a range of compounds as some of the 
hydrocarbons were not detected in the samples.  
 
Source apportionment studies conducted in this study identified the key sources of 
metals and hydrocarbons. However, there is a possibility of contributions from 
sources other than the key sources to the build-up and wash-off. In the analysis, the 
contributions from other sources were considered as minimal. The impact of this 
consideration on final study results was also negligible as confirmed by the 
PCA/APCS receptor model performance test conducted. The performance test 
indicated a good fit between measured and model estimated concentrations 
suggesting low influence of other sources of metals and hydrocarbons. 
 
8.2.4 Mathematical models to predict source contributions to pollutant build-
up 
Estimated source contributions were significantly varied across the sampling sites, 
emphasising the need for mathematical models to replicate the underlying site 
specific variations. Accordingly, a set of mathematical models were developed in this 
study. Daily traffic volume, effective impervious fraction, effective population, road 
surface texture depth, slope of the road and distance from the coastline to the point of 
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interest were identified as the most important factors in relation to source 
contributions by influencing the generation, accumulation and redistribution of 
pollutants on road surfaces. These factors were used as explanatory (independent) 
variables while the estimated source contributions were treated as dependent 
variables in multiple linear regression analysis. 
 
It should be noted here that mathematical models were only developed to replicate 
the pollutant build-up. This was due to uncertainties found in source identification of 
wash-off due to non-detected elements/compounds and limitations in the dataset to 
account for the site specific variability. Pollutant wash-off study was only conducted 
for two road sites.  
 
The developed mathematical models for estimating contributions of metals to build-
up solids are as follows: 
         CM1 = 81.478 - 0.00475*DTV - 0.262*EIF 
log CM2 = 0.399 + 0.74*log DTV + 4.812*log TD - 0.511*log EPOP 
log CM3 = 0.492 - 4.069*log TD 
      CM4 = 31.548 - 0.000505*DIS - 0.298*EIF + 0.00205*EPOP 
where, 
CM1 - Contribution from soil and asphalt wear to total metal build-up (mg/g) 
CM2 - Contribution from tyre wear to total metal build-up (mg/g) 
CM3 - Contribution from brake wear to total metal build-up (mg/g) 
CM4 - Contribution from sea salt to total metal build-up (mg/g) 
DTV - Daily traffic volume 
EIF - Effective impervious fraction (%) 
TD - Texture depth (mm) 
EPOP - Effective population 
DIS - Distance from the coastline to the point of interest (m) 
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The developed mathematical models for estimating contributions of hydrocarbons to 
the build-up solids are as follows; 
log CH1 = 0.822 + 0.166*log DTV - 2.859*log TD + 0.155*log SLP -
2.348*log EIF + 0.585*log EPOP 
log CH2 = 1.766 + 0.513*log DTV + 0.245*log SLP - 1.472*log EIF - 
0.303*log EPOP 
log CH3  = 1.955 - 1.272*log DTV - 0.407*log SLP +1.481*log TD + 
0.943*log EIF 
where, 
CH1 - Contribution from non-combusted lubrication oil to the total hydrocarbon 
build-up (mg/g) 
CH2 - Contribution from non-combusted diesel fuel to total hydrocarbon build-up     
(mg/g) 
CH3 - Contribution from tyre/asphalt wear to total hydrocarbon build-up (mg/g) 
For the development of mathematical models, area within a 250 m radius (20ha) was 
considered as the effective area influencing accumulation, generation and 
redistribution of pollutants for a given sampling point. Effective impervious fraction 
and effective population refer to the impervious fraction and population within that 
20ha area.  
  
It can be concluded that the most important factor that influence the source 
contributions is the daily traffic volume (DTV) due to its predominant appearance in 
most of the mathematical models in both, metals and hydrocarbons. Also, the 
positive and negative regression coefficient of DTV in different models suggested 
that daily traffic volume is a cause for either pollutant generation or redistribution 
from road surfaces. The positive regression coefficient in the models reflected the 
fact that pollutant generation is dominated over the redistribution and negative 
coefficients reflected the vice versa. 
 
The effective impervious fraction (EIF) also plays an important role in mathematical 
models. It is a factor indicating pollutant generation (for tyre/asphalt wear) and 
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accumulation (for soil), providing a platform for pollutant accumulation and 
redistribution. Here again, the sign of the regression coefficient defined the most 
dominant process. This also confirmed the importance of managing surrounding 
pervious areas to reduce the pollutant contribution from soil. 
 
Based on the sign of the regression coefficients associated with each model, it can be 
concluded that texture depth plays a contrasting role depending on the source of 
pollutant. For example, rough road surfaces are favourable for more pollutant 
generation via tyre/asphalt wear (positive coefficient in model CM2), while smooth 
surfaces create favourable conditions for more brake wear generation (negative 
coefficient in model CM3) due to the requirement of high braking efforts. Based on 
these mathematical relationships, it can be suggested designing road surfaces with 
optimum texture depth in order to abate the generation of tyre, asphalt and brake 
wear even with the increase of vehicle usage. The optimum texture depth need to be 
determined incorporating both low pollution generation and traffic safety. 
 
Slope of the road (SLP) did not appear in any models developed to predict the source 
contributions of metals. However, it was an influential parameter for hydrocarbon 
predictions. Effective population (EPOP) appears in some of the models and it was 
mostly attributed to pollutant redistribution. The distance from the coastline was only 
influential in relation to sea salt accumulation on road surfaces.  
 
It is important to highlight the limitations of developed mathematical models along 
with the key uses. The developed mathematical models can be primarily used for 
places where target pollutants are metals and hydrocarbons and site characteristics 
are generic. Models are not intended to replicate the variations in pollutants close to 
traffic signal locations and other traffic bottlenecks and specific road infrastructure 
facilities. Additionally, estimations from mathematical models can be used to decide 
the most critical source of pollutants for a specific location. Therefore, the primary 
use of the models is as an urban planning and decision-making tool for implementing 
pollution control strategies particularly in pre-urban development and design stages. 
In such cases the models will facilitate the conducting of feasibility studies and 
environment impact assessments with varied urban characteristics. Beyond these 
 Chapter 8: Conclusions and Recommendations for Future Research 213 
limitations, it is important to note that the detailed procedure employed to develop 
the mathematical models in this study can be replicated elsewhere. 
 
8.3 RECOMMENDATIONS FOR FUTURE RESEARCH 
Outcomes of this research study also led to the identification of key areas that require 
further research.  
This study primarily emphasised the relative importance of pollutant 
sources based on their percentage contribution. However, relative 
importance should reflect the environmental and human health impacts 
that they cause, which are influenced by both toxicity and bioavailability 
of metals and hydrocarbons. However, comprehensive knowledge bases 
relating to toxicity and bioavailability of metals and hydrocarbons are 
scarce. Furthermore, there are limited approaches available in assessing 
toxicity and bioavailability of metals and hydrocarbons in a unified 
approach. Further research in closing these knowledge gaps will enable the 
quantification of environmental and human health impacts of metals and 
hydrocarbons.  
 Further research efforts are required to develop a designing and planning 
tool, integrating source attributes, toxicity and bioavailability attributes of 
individual pollutants on urban waterways. In this regard, results of this 
study and its developed mathematical models will be of value.  
 This study found that the designing of an optimum value for the road 
surface texture depth would result in low level of generation of tyre wear 
and brake wear. Detailed experimental studies are required focusing on 
determining optimum road surface characteristics enabling traffic safety 
and low pollutant generation as well as taking driver safety into 
consideration.  
 Extended studies are required in different urban settings such as semi-
urban and rural, as well as in different road types such as highways. It is 
recommended to use a similar approach to that used in this study, for 
source apportionment. Consequently, the study results will be comparable 
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to each other, which in turn will facilitate the development of general 
guidelines to minimise pollution. 
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Appendices 
Appendix A 
Rainfall simulator calibration  
 
Table A1 Rainfall simulator calibration 
Cycle 
time 
(s) 
Speed Position 
Volume(mL) Rainfall Intensity (mm/hr) 
Average 
Rainfall 
Intensity 
(mm/hr) 
Coefficient 
of 
uniformity 
(%) a b c a b c 
3 
L
o
w
 
1 24 36 23 77.02 115.53 73.81 
83 82.4 
2 22 30 20 70.6 96.28 64.18 
3 21 32 24 67.39 102.69 77.02 
4 21 33 25 67.39 105.9 80.23 
4 
L
o
w
 
1 24 29 19 69.01 83.39 54.64 
64 84.8 
2 21 26 18 60.39 74.77 51.76 
3 19 28 20 54.64 80.52 57.51 
4 17 26 21 48.89 74.77 60.39 
4 
F
u
ll
 
1 21 25 14 60.39 71.89 40.26 
53 84.7 
2 17 20 14 48.89 57.51 40.26 
3 18 23 18 51.76 66.14 51.76 
4 15 20 16 43.13 57.51 46.01 
5 
L
o
w
 
1 16 24 11 51.35 77.02 35.3 
51 78.3 
2 15 19 11 48.14 60.97 35.3 
3 14 20 11 44.93 64.18 35.3 
4 16 20 12 51.35 64.18 38.51 
6 
L
o
w
 
1 15 20 12 42 56.01 33.6 
38 83.9 
2 13 16 11 36.4 44.81 30.8 
3 12 12 10 33.6 33.6 28 
4 14 16 12 39.2 44.81 33.6 
7 
L
o
w
 
1 11 17 10 34.07 52.66 30.98 
36 82.6 
2 9 13 11 27.88 40.27 34.07 
3 8 14 11 24.78 43.37 34.07 
4 9 14 11 27.88 43.37 34.07 
8 
L
o
w
 
1 11 13 8 35.3 41.72 25.67 
32 83.3 
2 9 12 8 28.88 38.51 25.67 
3 9 12 8 28.88 38.51 25.67 
4 9 11 8 28.88 35.3 25.67 
10 
L
o
w
 
1 7 12 7 22.46 38.51 22.46 
26 77.1 
2 6 10 7 19.26 32.09 22.46 
3 5 10 9 16.05 32.09 28.88 
4 5 10 8 16.05 32.09 25.67 
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Appendix B 
Quality control and quality assurance of laboratory testing 
 
Table B1 Quality control and quality assurance for metal testing 
Metal 
MDL 
(mg/L) 
Recovery % 
Repeatability 
(RSD %) 
Li 0.0006 101.85  - 
Na 0.0023 111.81 9.036 
Mg 0.0013 113.99 5.805 
Al 0.0060 107.27 6.060 
K 0.0058 115.22 4.967 
Ca 0.0120 115.23 7.513 
Ti 0.0002 110.74 15.415 
V 0.0002 111.53  - 
Cr  0.0002 112.02  - 
Mn 0.0002 113.51 5.622 
Fe  0.0080 112.47 5.077 
Co 0.0002 113.96 8.687 
Ni 0.0002 113.42  - 
Cu 0.0002 116.31 5.557 
Zn 0.0005 116.29 8.212 
Mo 0.0002 113.01  - 
Rh 0.0002 115.41  - 
Pd 0.0010 116.11  - 
Cd 0.0002 114.71  - 
Sn 0.0004 113.46  - 
Sb 0.0005 111.76  - 
Ba 0.0002 114.01 6.441 
Pt 0.0002 89.94  - 
Pb 0.0007 110.41 6.800 
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Table B2 Quality control and quality assurance for hydrocarbon testing 
Compound MDL (mg/L) 
C8 0.040 
C10 0.058 
C12 0.181 
C14 0.039 
C16 0.158 
C20 0.003 
C22 0.010 
C24 0.058 
C26 0.103 
C28 0.140 
C30 0.325 
C32 0.251 
C34 0.378 
C36 0.244 
C38 0.330 
C40 0.451 
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Appendix C 
Pollutant build-up and wash-off 
Table C1 Metal concentrations in build-up samples (mg/g) 
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Table C2 ANOVA test results 
Element 
Significance (p) 
One-way 
ANOVA 
Welch 
ANOVA 
Li   0.086 
Na   0.026 
Mg   0.041 
Al 0.295   
K   0.009 
Ca   0.014 
Ti   0.024 
V   0.054 
Cr 0.417   
Mn 0.334   
Fe 0.482   
Co   0.046 
Ni   0.036 
Cu 0.204   
Zn   0.019 
Mo   0.006 
Rh   0.044 
Pd   0.043 
Cd 0.439   
Sn 0.201   
Sb   0.019 
Ba 0.636   
Pt   0.044 
Pb   0.204 
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Table C3 Average metal concentrations in different particle sizes in build-up samples collected from different suburbs (mg/g) 
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Table C3 continued… 
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Table C4 Hydrocarbon concentrations in build-up samples collected from different suburbs 
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Study site selection for wash-off  
Table C5 PROMETHEE results based on metal concentrations 
Rank Sample ID Road Net Ø value 
1 C 4i a Via Roma Drive 0.3836 
2 I 2ii a Lawrence Drive 0.3314 
3 I 3i a Patrick Road 0.2277 
4 C 4ii a Via Roma Drive 0.1799 
5 M 4ii a Village High Road 0.1569 
6 M 3i a Strathaird Road 0.1415 
7 R 2i a Merloo Drive 0.1211 
8 R 1i a Carine Court 0.0843 
9 R 2ii a Merloo Drive 0.0807 
10 I 4ii a Steven Street 0.0807 
11 M 3ii a Strathaird Road 0.0782 
12 R 3i a Winchester Drive 0.0415 
13 I 1i a Hildon Court 0.0199 
14 C 3i a Thoronton Street 0.0018 
15 R 3ii a Winchester Drive -0.0204 
16 C 2ii a St Paul's Place -0.0268 
17 R 4i a Yarrimbah Drive -0.0302 
18 C 3ii a Thoronton Street -0.0351 
19 M 1ii a De Haviland Avenue -0.0493 
20 I 2i a Lawrence Drive -0.0546 
21 M 2ii a Mediterrinean Drive -0.0582 
22 R 1ii a Carine Court -0.077 
23 I 4i a Steven Street -0.08 
24 C 1ii a Hobgen Street -0.0995 
25 R 4ii a Yarrimbah Drive -0.1019 
26 C 1i a Hobgen Street -0.1168 
27 C 2i a St Paul's Place -0.1374 
28 I 1ii a Hildon Court -0.163 
29 I 3ii a Patrick Road -0.2028 
30 M 2i a Mediterrinean Drive -0.2129 
31 M 1i a De Haviland Avenue -0.2161 
32 M 4i a Village High Road -0.2475 
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Table C6 PROMETHEE results based on Hydrocarbon concentrations 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Rank Sample ID Road Ø value 
1 C 4i a Via Roma Drive 0.4103 
2 R 3i a Winchester Drive 0.2478 
3 R 4ii a Yarrimbah Drive 0.2288 
4 R 3ii a Winchester Drive 0.1376 
5 R 4i a Yarrimbah Drive 0.0677 
6 I 1ii a Hildon Court 0.0335 
7 C 2i a St Paul's Place 0.0106 
8 C 4ii a Via Roma Drive 0.0059 
9 I 4ii a Steven Street -0.0024 
10 R 1i a Carine Court -0.0218 
11 I 4i a Steven Street -0.0254 
12 M 3i a Strathaird Road -0.0274 
13 I 2i a Lawrence Drive -0.0279 
14 M 3ii a Strathaird Road -0.0356 
15 M 2i a Mediterrinean Drive -0.0404 
16 I 1i a Hildon Court -0.0434 
17 M 1ii a De Haviland Avenue -0.0472 
18 I 3i a Patrick Road -0.0494 
19 I 2ii a Lawrence Drive -0.05 
20 C 2ii a St Paul's Place -0.0509 
21 M 4i a Village High Road -0.0515 
22 C 3i a Thoronton Street -0.0533 
23 R 2ii a Merloo Drive -0.055 
24 C 1ii a Hobgen Street -0.058 
25 I 3ii a Patrick Road -0.0598 
26 M 1i a De Haviland Avenue -0.0613 
27 R 1ii a Carine Court -0.062 
28 M 2ii a Mediterrinean Drive -0.0635 
29 C 1i a Hobgen Street -0.064 
30 C 3ii a Thoronton Street -0.064 
31 M 4ii a Village High Road -0.064 
32 R 2i a Merloo Drive -0.064 
 Appendices 243 
Table C7 Percentage wash-off from build-up solids 
Sample ID 
(Road/Intensity/duration) 
Total 
volume (L) 
Wash-off 
Solids (g) 
Cumulative 
wash-off load 
(g) 
% Wash-off 
from build-
up 
C4/83/6 20.25 2.8350 2.83 59.2 
C4/83/12 24.50 1.2005 4.04 84.3 
C4/64/12 28.50 2.4225 2.42 50.6 
C4/64/18 18.00 0.4680 2.89 60.4 
C4/64/24 19.00 0.9880 3.88 81.0 
C4/38/6 6.00 0.8520 0.85 17.8 
C4/38/12 13.50 1.2150 2.07 43.2 
C4/38/18 11.25 0.7650 2.83 59.1 
C4/38/24 11.75 0.8812 3.71 77.6 
C4/38/30 11.55 0.6006 4.31 90.1 
C4/38/36 10.75 0.4408 4.75 99.3 
C4/25/6 4.50 0.6795 0.68 14.2 
C4/25/12 7.25 0.6743 1.35 28.3 
C4/25/18 6.85 0.8699 2.22 46.4 
C4/25/24 7.45 0.2458 2.47 51.6 
C4/25/30 7.50 0.3075 2.78 58.0 
C4/25/36 7.15 0.3432 3.12 65.2 
C4- Build-up  4.7880 
R4/83/6 24.45 0.7335 0.73 47.8 
R4/83/12 20.10 0.3618 1.10 71.3 
R4/64/12 20.25 0.7695 0.77 50.1 
R4/64/18 19.50 0.2145 0.98 64.1 
R4/64/24 16.50 0.0825 1.07 69.4 
R4/38/6 8.70 0.6699 0.67 43.6 
R4/38/12 13.30 0.0798 0.75 48.8 
R4/38/18 11.90 0.1309 0.88 57.3 
R4/38/24 11.50 0.0805 0.96 62.6 
R4/38/30 11.50 0.1265 1.09 70.8 
R4/38/36 11.30 0.1808 1.27 82.6 
R4/25/6 5.90 0.4661 0.47 30.3 
R4/25/12 6.70 0.1474 0.61 39.9 
R4/25/18 9.10 0.1365 0.75 48.8 
R4/25/24 8.30 0.1992 0.95 61.8 
R4/25/30 6.50 0.1040 1.05 68.6 
R4/25/36 6.30 0.0630 1.12 72.7 
R4- Build-up  1.5360 
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Figure C1 Particle size distribution (by volume) of wash-off in Via Roma Drive (C4) 
 
 
Figure C2 Particle size distribution (by volume) of wash-off in Yarrimbah Drive (R4) 
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Table C8 Metal wash-off loads from Via Roma Drive (mg/m
2
) 
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Table C8 continued… 
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Table C-9 Metal wash-off loads from Yarrimbah Drive (mg/m
2
) 
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Appendix D 
Source apportionment  
 
 
Figure D1 Dendrogram of clusters of metals in wash-off (Via Roma Drive) 
 
 
Figure D2 Dendrogram of clusters of metals in wash-off (Yarrimbah Drive) 
 250 Appendices 
 
Figure D3 measured vs estimated total hydrocarbon concentrations in road build-up 
 
 
Figure D4 Dendrogram of cluster of hydrocarbons in wash-off at C4 
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Figure D5 Dendrogram of cluster of hydrocarbons in wash-off at R4 
 
 
